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FOREWORD 


The  1982  Fifteenth  Power  Modulator  Symposium  is  the  latest  in  a  series 
beginning  with  the  Hydrogen  Thyratron  Symposium  in  1950.  These  conferences 
have  provided  early  views  of  the  evolution  of  devices  and  technologies  in  the 
modulator  field.  As  part  of  the  Symposium,  information  is  presented  on  recent 
trends  associated  with  repetition-rated  pulsed  modulators,  including  switches, 
auxiliary  devices,  energy  storage,  power  conditioning,  RF  systems,  accelerators, 
lasers  and  low-frequency  generators. 
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Summary 

As  a  vibrant  and  growing  field  of  endeavor, 
pulsed  power  has  a  need  at  this  time  for  an  organized 
collection  of  literature  pertinent  to  the  field,  For 
this  reason,  a  comprehensive  bibliography  of  pulsed 
power  is  being  compiled  to  provide  researchers  and 
students  in  this  field  a  guide  to  the  literature. 

The  bibliography  will  consist  of  citations  pertaining 
to  energy  storage,  switching,  particle  beam  generation, 
power  conditioning  and  transmission,  breakdown,  and 
diagnostics.  The  bibliography  will  contain  four 
indices  organized  by  subject  category,  title,  author, 
and  corporate  affiliation.  In  addition,  there  will 
be  a  listing  of  conferences  relevant  to  the  pulsed 
power  field.  Each  citation  will  include  ticle, 
author(s)  and  aff lliation(s) ,  abstract,  and  key  words. 
Citations  not  generally  available  will  Include  a 
source  for  the  document  when  possible.  Two 
bibliographies,  one  unrestricted  and  one  restricted 
circulation,  will  be  printed  automatically  from  a 
computerized  data  base.  Publication  of  the  first 
edition  is  planned  for  September  -  December  1982. 

The  philosophy  of  the  bibliography,  as  well  as  the 
computer  facility  used  to  utilize  the  data  base,  will 
be  discussed. 


Introduction 

With  pulsed  power  and  high-voltage  technologies 
playing  a  greater  role  in  weapons  research,  nuclear 
weapons'  effects  simulation,  fusion  power  research, 
power  distribution,  materials  processing,  and  even 
medical  research;  the  past  two  decades  have  seen  a 
rapid  expansion  of  these  two  technologies  from  a 
novelty  to  a  growing  and  vital  part  of  the  research 
establishment.  This  rapid  growth  has,  of  course, 
produced  an  attendant  growth  in  associated  published 
literature.  However,  Che  fact  that  pulsed  power  is  a 
young  technology  and  is  of  an  applied  engineering 
nature,  has  resulted  in  the  occurrence  of  several 
adverse  conditions.  Since  there  is' no  journal 
dedicated  to  publishing  pulsed  power  articles, 
research  relevant  to  pulsed  power  must  be  published 
when  and  where  possible.  This  haphazard  publishing 
policy  results  in  many  hours  spent  in  literature 
searches  chat  could  otherwise  be  avoided,  or  work 
may  be  repeated  unnecessarily  because  a  paper  was  not 
found  at  all.  In  addition,  much  work  has  been 
published  only  in  report  fora,  which  may  be 
difficult  to  find  at  best.  This  paper  is  reporting 
an  effort  by  the  Air  Force  Weapons  Laboratory  (AFWL) 
to  fill  the  need  for  an  organized  listing  of  the 
lltereture  by  compiling  a  comprehensive  bibliography 
of  pulsed  power.  It  is  planned  that  this  bibliography 
will  provide  not  only  a  quick  reference  to  the 
avellable  literature,  but  also  a  guide  to  direct  the 
reader  to  obscure  and  hard  to  find  documents  that 
relate  to  pulsed  power. 


Material  to  be  Included 

The  AFWL  pulsed  power  bibliography  will  reference 
documents  in  the  following  areas: 

Breakdown  Studies 
Diagnostics  and  Instrumentation 
Energy  Storage 
Insulation 

Particle  Beam  Generation 
Power  Conditioning 

Switching  (Including  Electrode  and  Insulation 
Degradation) 

with  each  of  Che  above  serving  as  the  main  heading. 

In  addition,  each  main  heading  will  include  several 
subheadings  (such  as  Thyratrona,  Spark  Gaps,  etc. 
under  Switching)  to  provide  additional  categorization. 

A  section  entitled  Reviews  and  Conferences  will  also 
be  Included.  All  review  articles  and  conference 
proceedings.  In  addition  to  being  included  in  the 
appropriate  subject  category,  will  be  placed  in  this 
section  for  easy  reference.  Types  of  documents  to  be 
referenced  will  include,  but  not  be  limited  to. 

Journal  articles,  research  reports,  contractor  reports, 
books,  and  lecture  notes.  Any  other  type  of  document 
will  be  considered  for  inclusion  if  it  has  been 
published  and  is  available.  No  attempt  will  be  made 
to  editorialize  the  quality  of  citations  that  are 
included  in  the  bibliography.  There  will  be  an  effort 
made,  however,  to  weed  out  very  poor  quality  papers. 


Publication  Format 

The  pulsed  power  bibliography  will  be  published  as  two 
documents,  one  open  circulation  and  one  restricted. 

Each  will  be  published  in  loose  leaf  form  as  four  cross 
referenced  sections  ordered  by  title,  subject,  author, 
and  author's  affiliation.  The  section  indexed  by  title 
will  include  the  following  information: 

1.  Accession  number 

2.  Title 

3.  Authors  and  their  affiliations 

4.  Type  of  document  (including  volume  number  for 
journal  articles  and  report  number  for 
reports  and  lectures) 

5.  Availability  of  all  non-journal  citations  when 
possible 

6.  Abstract  with  number  of  references 

7.  Key  Words 

8 .  Copyright 

9.  Security  record  on  all  classified  documents 
as  in  Fig.  1. 


TITLE  (DE) 

250 

DETAILED  DESIGN,  FABRICATION  AND  TESTING  OF  AN 
ENGINEERING  PROTOTYPE  COMPENSATED  PULSED 
ALTERNATOR 


1 

CH178J-5/82/0000-0001J00.75  ©  1982  IEEE 


W.  L.  Bird  and  H.  H.  Woodson 
University  of  Texas,  Auscin,  TX  78712 
LLL  Report  No.  UCRL  15213  (03/1980) 

The  design,  fabrication,  and  test  results  of 
a  prototype  compensated  pulsed  alternator 
are  discussed.  The  prototype  compulsator 
is  a  vertlcle  shaft  single  phase  alternator 
with  a  rotating  armature  and  salient  pole 
stator.  The  machine  is  designed  for  low  rep 
race  pulsed  duty  and  is  sized  to  drive  a 
modified  10  cm  Beta  amplifier.  The  load 
consists  of  sixteen  15  mm  x  20  no  x  112  cm 
long  xenon  flashlamps  connected  in  parallel. 
The  prototype  compulsator  generates  an  open 
circuit  voltage  of  6  kV,  180  Hertz,  at  a 
maximum  design  speed  of  5400  rpm.  AC  a 
maximum  speed,  the  inertial  energy  scored 
in  the  compulsator  rotor  is  3.4  MJ.  I  Ref. 
Primary  Keywords:  Compulsator;  High  Power; 

Laminated  Rotor; 
Compensating  Windings; 
High  Average  Flux 
Density;  Time  Varying 
Armature  Circuit 
Secondary  Keywords:  Pulse  Shaping; 

Simulation;  Magnetic 
Field  Mapping;  Design 
Notes 


Fig.  1.  Sample  Bibliography  Citation,  Indexed  by  Title 

In  the  Interest  of  brevity,  the  sections  grouped  by 
subject,  author,  and  author's  affiliations  will 
Include: 

1.  Accession  number 

2.  Title 

3.  Authors  and  their  affiliations 

4.  Type  of  Document 

5 .  Keywords 

as  in  Fig.  2. 


SWITCHES,  CLOSINC 

Thyratrons 

716 

HIGH  VOLTAGE,  LOW  INDUCTANCE  HYDROGEN 
THYRATRON  STUDY  PROCRAM 
R.  F.  Carlstl  and  D.  V.  Turnquist 
E.  G.  &  G.,  Salem,  MA  01970 
ERADCOM  Report  No.  DELET-TR-78-2977-F 
(01/1981) 

Primary  Keywords:  Thyratrons;  Switches; 

Pulse  Generators; 
Blumlelns;  Pulse 
Modulators;  Nanosecond 
Pulsars;  High  voltaga 
Components 


1296 

INSTANT  START  THYRATRON  SWITCH 
S.  Marz  and  D.  Turnquist 
E.  G.  6  G.  Inc.,  Salsa,  MA  01970 
ERADCOM  Report  No.  DELET-TR-79-0270-1 
(01/1981) 

Primary  Keywords:  Thyratron;  Hydrogen 

Thyratron;  Cold  Cathode 
Secondary  Keywords:  Gas  Filled  Device; 

Switch  Tube 


1283 

LECTURES  ON  HIGH-VOLTAGE  AND  PULSE  POWER 
TECHNOLOGY;  LECTURE  7:  THYRATRONS  AND 
IGNITR0NS 
W.  J.  Sarjeant 

Los  Alamos  Scientific  Laboratory,  Los  Alamos, 
NM  87544 

LASL  Report  No.  LA-UR-80-517  (10/1981) 

Primary  Keywords:  Thyratron;  Ignltron; 

Theory  Application; 
State-of-the  art;  Devices 
Under  Development; 

Trigger  Circuit;  Recovery 
Time 

Secondary  Keywords:  Charging  Circuit;  Delay 
Recovering  Mechanism 


Thyristors 

1260 

LIGHT-FIRED  THYRISTOR  DEVELOPMENT 
D.  K.  Page,  L.  L.  Lowry,  and  P.  Rai-Choudhury 
Westlnghouse  Electric  Corporation,  Pittsburgh, 
PA  15235 

EPRI  Report  No.  EL-776  (04/1978) 

Primary  Keywords:  Thyristor;  Power 

Electronics;  Opcical 
Triggering  System 

Fig.  2.  Sample  Bibliography  Citation,  Indexed  by 
Subject 


The  subject,  author,  and  author's  affiliation  indices 
will  be  cross  referenced  to  the  title  index  by  title 
and  accession  number . 


Implementation 

The  bibliography  is  being  Implemented  as  a 
computerized  data  base  to  facilitate  efficient  and 
error-free  handling  of  the  data.  The  System  2000 
data  base  manager  was  chosen  for  its  ease  of  data 
manipulation  and  its  availability.  To  facilitate 
on-line  use,  each  component  of  a  citation  (subject, 
title,  author,  etc.)  may  be  searched  individually 
or  several  components  may  be  searched  simultaneously. 
All  or  part  of  each  citation  found  may  then  be 
printed  to  the  user's  terminal  or  to  a  high-speed 
line  printer  for  future  reference.  In  addition,  the 
data  base  is  structured  to  provide  automatic  printing 
of  all  indices  to  be  Included  in  the  printed  version. 
This  automatic  printing  reduces  the  probability  of 
errors  in  format  and  content  in  the  printed  document. 
Combining  this  automatic  printing  with  structured  and 
computer  prompted  input  will  reduce  the  time  needed 
to  proofread  the  bibliography.  The  ability  to 
cross-check  citations  from  many  sources  for  duplication 
quickly  and  easily  haa  also  been  very  affective. 


Contributions  and  Availability 

All  contributions  to  the  bibliography  from 
outside  sources  will  be  most  welcome.  Obviously,  the 
more  complete  the  bibliography  is,  the  more  useful  it 
will  be.  IXjs  to  the  extensive  literature  search 
performed  at  the  AFWL  technical  library,  it  is 
probable  that  a  large  portion  of  the  open  literature 
documents  have  already  been  obtained.  However,  any 
articles  published  in  journals  or  other  periodicals 
not  generally  devoted  to  physics  or  engineering  will 
gladly  be  accepted  if  they  are  of  a  technical  nature. 


2 


A  copy  of  all  documents  submitted  for  inclusion  In  the 
bibliography  will  be  required  for  permanent  retention 
by  the  AFVL.  Documents  to  be  submitted  for  inclusion 
should  be  forwarded  to: 

AFWL/CA 

Kirtland  AFB 

Albuquerque,  NM  87117 

ATTN:  R.  L.  Druce  (or  A.  H.  Guenther) 

with  che  permanent  retention  copy  included.  Also, 


Dr.  Druce  is  visiting  installations  with  libraries  too 
voluminous  to  be  copied  end  transported  to  the  AFWL. 
Invitations  for  a  visit  should  be  forwarded  to  the 
above  address.  The  bibliography  will  be  made  available 
to  the  public  for  a  nominal  fee  to  cover  printing  and 
handling.  The  proposed  publication  date  la  flexible 
but  is  slated  for  September  -  December  1982.  In 
addition.  It  la  intended  that  all  organizations  making 
a  significant  contribution  to  the  pulsed  power 
bibliography  will  receive  a  complimentary  copy  of  the 
published  document. 


AN  INVESTIGATION  INTO  THE  REPETITION  RATE  LIMITATIONS  OP  MAGNETIC  SWITCHES* 


D*  L.  Birx,  L«  L«  Reginato,  and  J.  A.  Schmidt 
Lawrence  Livermore  National  Laboratory,  University  of  California 
Livermore,  California  94550 


Sutmnary 


The  use  of  magnetic  switches  to  generate  high 
power  pulses  has  opened  up  a  whole  new  spectrum  of 
possibilities.  Here  we  describe  an  investigat ion  into 
the  maximum  repetition  rates  possible  with  these 
devices. 


Introduction 


The  use  of  saturable  reactors  for  high  power 
pulse  generation  was  first  described  by  Melville^ 
in  1951,  but  the  use  of  these  devices  as  the  power 
sources  for  electron  accelerators  has  only  recently 
been  considered. 

Our  investigation  into  magnetic  switching  was 
motivated  by  the  pulse  power  requirements  of  the 
ETA/ATA  induction  accelerators. 

ETA  (a  10  kA,  5  WeV  Linac)  now  operating  and 
ATA  (a  10  kA,  50  MeV  Linac)  under  construction  are 
essentially  ferrite  core  transformers  with  an  elec¬ 
tron  beam  as  a  secondary.  A  series  of  simultaneously 
triggered  high  pressure  gas  switches  transfer  the 
energy  stored  in  water-filled  Blumlein  1 ines  to  the 
multiple  single  turn  primaries.  ATA  is  designed  to 
generate  a  burst  of  up  to  10  pulses  each  pulse  50  ns 
in  duration  with  a  pulse  repetition  rate  of  up  to 
t  kHt. 

This  1  kHz  repetition  rate  is  achieved  hy  circu¬ 
lating  gas  through  the  spark  gaps  at  high  velocity. 
Operation  at  1  kHz  requires  15  hp  worth  of  blower  per 
spark  gap.  Although  for  some  applications  it  is  de¬ 
sirable  to  operate  at  ten  times  this  value,  an  order 
of  magnitude  increase  in  rep  rate  would  up  the  blower 
requirement  to  15,000  hp  per  gap  and  this  would  have 
been  a  cause  of  concern  for  other  people  using  power 
in  this  country. 

Research  into  alternative  switching  schemes  re¬ 
sulted  in  the  development  of  high  power  magnetic 
twitches.  To  date,  five  of  the  33  spark  gap  switches 
on  ETA  (comprising  the  original  trigger  system  and 
grid  drive)  have  been  replaced  with  magnetic  switches. 
These  devices  were  installed  to  both  gain  operating 
experience  with  magnetic  switches  and  to  obtain  a 
side  by  side  comparison  with  spark  gaps. 

Our  current  experiments  in  this  area  are  di¬ 
rected  at  understanding  more  about  magnetic  switches 
in  the  hopes  of  generating  further  improvements  of 
this  technology.  This  paper  outlines  our  recent 
attempts  to  document  the  maximum  repetition  rate  at 
which  a  magnetic  switch  can  be  operated.  While  we 
have  failed  to  achieve  this  goal,  we  feel  that  the 
reader  might  be  interested  in  how  hard  we  tried. 

Operation 

Tha  theory  of  operation  of  magnetic  modulators 
and  the  condition#  for  optimum  operation  have  been 
described  in  several  reports. 1*10  It  is  briefly 
repeated  here  for  continuity. 

The  basic  principle  behind  magnetic  switching 
is  to  uae  the  large  changes  in  permeabilities  ex¬ 
hibited  by  saturating  ferri-  (ferro-)  magnetic 
material  to  produce  large  changes  in  impedance.  The 
standard  technique  for  capitalising  on  this  behavior 
is  illustrated  in  Pig.  1.  By  uaing  multiple  stages 
as  shown,  it  is  possible  to  achieve  an  effective 
change  in  impedance  much  larger  than  can  be  obtained 
from  a  single  stage.  The  operating  of  this  circuit 
can  be  described  as  follows. 


ftj.  *a  Mukisiayt  Saturate  Reactor 
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Fig.  1.  Magnetic  switch. 

Capacitor  C.\  is  charged  through  Lfl  until  L| 
saturates;  is  chosen  to  have  a  saturated  inductance 
much  less  chan  Lq.  Once  L^  saturates,  C2  will  begin 
to  charge  from  Cj  through  Lj ,  but  because 
Llsat  <K  ^0»  c2  ch*rges  much  more  rapidly  than 
did.  The  process  continues  through  the  successive 
stages  until  discharges  into  the  load.  Each  suc¬ 
cessive  saturable  reactor  is  designed  so  that  satur¬ 
ation  occurs  at  the  peak  of  the  voltage  waveform. 

Before  the  switch  can  be  used  again,  the  in¬ 
ductor  cores  must  be  reset.  The  time  for  the  pulse 
energy  to  propagate  through  the  switch  and  the  time 
required  to  reset  the  saturable  inductors  determines 
Che  maximum  repetition  rate. 

The  magnetic  switches  employed  on  FT  A  are  reset 
by  charging  C\  to  an  opposite  pol*nty  between 
pulses.  This  reverse  polarity  pulse  cascades  Through 
the  switch  and  resets  all  the  successive  stages.  For 
the  sake  of  maintaining  high  efficiency,  this  reset 
pulse  is  at  lover  voltage  than  the  main  pulse  because 
the  energy  is  simply  discarded  at  the  load  after  the 
switch  is  reset.  Typically,  the  propagation  eime  of 
the  forward  pulse  is  5  us  while  the  1/4  voltage  reset 
pulse  requires  20  us  to  reach  the  load.  This  allows 
a  pulse  to  be  produced  every  25  us .  This  performance 
is  better  than  adequate  for  our  purposes,  but  it  was 
of  interest  to  see  if  a  different  resetting  scheme 
might  produce  higher  repetition  rates  without  sacri¬ 
ficing  efficiency. 

The  desit.*,  of  a  magnetic  switch  which  employs  a 
different  resetting  method  is  schematically  depicted 
in  Fig.  2.  We  will  attempt  to  describe  its  operation 
in  the  following  section,  but  the  reader  is  warned 
that  to  really  understand  thia  circuit  may  require 
actually  building  it.  We  were  aided  by  a  discovery 
that  these  devices  are  totally  scaleable,  Thia  oper¬ 
ation  of  a  large  device  can  be  precisely  predicted 
from  the  operation  of  a  scale  model.  The  scaling  laws 
are  as  follows: 

•  Power  gain  par  stage  is  independent  of 
scaling  factor 

•  Efficiency  is  independent  of  scaling  factor 

a  Pulse  energy  varies  as  the  scaling  factor 

to  the  third  power 

a  All  times  very  linearly  with  scaling  factor 
(including  minimum  construction  time) 
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Fig.  2.  Eight  pulse  burst  generator. 


e  power  levels  vary  at  the  scaling  factor  to 
the  second  power 

a  Voltages  vary  linearly  with  scaling  factor 

a  Currents  vary  linearly  with  scaling  factor 

Finally,  and  always  of  the  greatest  importance, 
a  Cost  varias  as  the  scaling  factor  to  the 
third  power 

Self-Besetting  Magnetic  Switches 

The  circuit  for  a  magnetic  burst  generator  which 
does  not  require  resetting  between  pulses  is  illus¬ 
trated  in  Fig.  2.  Here  portions  of  the  eight  forward- 
pulses  are  used  to  reset  the  saturable  inductors  in 
the  circuit.  This  eight  pulse  burst  generator  is  es¬ 
sentially  a  two  stage  magnetic  compressor  vith  eight 
first-stages  and  four  second-stages  all  feeding  into 
one  output  load. 

When  SCR  Si  is  triggered,  capacitor  Cji  is 
charged  from  Cq ^  through  Ti  until  inductor  Ln  satu¬ 
rates.  Once  Ln  saturates  capacitor  Cn  begins  co 
both  charge  C;i  and  reset  Li;.  When  Lji  saturates  the 
energy  atorged  in  capacitor  C?i  i*  transferred  to  the 
load.  This  voltage  appearing  across  the  oucput  termi¬ 
nals  partially  resets  L^,  I4 3 ■  and  Capacitor 

Ci i  is  chosen  Co  have  a  slightly  smaller  capacitance 
chan  Cji ,  resulting  in  a  small  negative  voltage  remain¬ 
ing  on  Cn  after  discharging  into  Cji*  This  negative 
voltage  will  begin  the  job  of  resetting  Ln,  a  job  that 
the  discharge  of  Cj2  into  C21  will  mostly  finish. 

The  actual  firing  sequence  is  Si,  83,  S5,  S7, 

$2,  S4,  Sg,  and  finally  Sg.  The  timing  between  the 
output  pulses  is  simply  determined  by  the  time  delay 
between  triggering  the  successive  SCR's. 

Small-Scale  Model  Operation 

This  idea  sounded  almost  sane  enough  to  work,  so 
the  authors  decided  to  build  a  small  scale  model  and 
sea  what  really  would  happen.  A  description  of  the 
components  used  is  provided  in  Fig.  3.  With  exception 
of  C2n,  the  components  wars  assembled  on  a  printed 
circuit  board.  The  cable  lengths  which  comprised 
c2n  In  •  1  to  A)  lay  in  a  neatly  tangled  pile  on  the 
floor.  The  time  delays  between  the  triggering  of  the 
SCR's  was  determined  by  cable  lengths.  These  cable 
lengths  added  greatly  to  Che  confusion  on  the  floor. 


The  firsc  person  to  make  it  all  the  way  to  the  -cope 
obcained  the  data  from  the  resistor  dividers  shown  in 
Fig.  4.  Here  120-ns  cable  lengths  separated  the  SCR 
firing  times.  The  first  stage  capacitor  can  he  seen 
to  only  charge  once,  while  Che  4-a  stage  capacitors 
are  each  charged  twice  from  two  of  the  eight  first 
stages.  Finally,  all  eight  pulses  are  summed  to¬ 
gether  at  Che  output  terminal.  The  result  of  re¬ 
ducing  the  time  delay  between  successive  triggers 
from  120  ns  to  60  ns  is  illustrated  in  Fig.  5. 

At  this  point,  it  was  decided  co  change  the  PFL 
used  (or  C2„  from  2  parallel  15-ns  lengths  of  RC5R  Co 
3  parallel  10-na  lengths  of  RC5S.  This  was  done  to 
avoid  overlapping  pulses  when  proceeding  to  higher 
repetition  rates.  These  results  are  provided  in 
Fig.  6.  Here  an  attempt  to  get  to  40  mHt  resulted  in 
Che  return  to  a  single  pulse  generator. 

Finally,  all  the  capacitances  were  reduced  by  a 
factor  of  two.  This  allowed  a  substitution  of  5-ns 
cables  for  the  10-ns  lengths  in  the  PFL.  These  re¬ 
sults  are  presented  in  Fig.  7. 

It  was  then  decided  the  search  for  the  re¬ 
petition  rate  limitations  of  magnetic  switches  should 
be  abandoned. 


Conclusion 


It  appears  possible  to  build  high  power  pulse 
generators  which  operate  at  repetition  rates  deter¬ 
mined  only  by  the  pulse  lengths.  This  paper  de¬ 
scribed  an  eight  pulse  burst  generator  which  could  be 
operated  at  repetition  rates  exceeding  107H*.  The 
authors  feel  that  a  greater  number  of  pulses,  high 
power  levels,  shorter  pulses,  and/or  higher  repe¬ 
tition  rates  is  certainly  achievable.  However,  until 
a  use  for  such  a  device  becomes  apparent,  we  will  con¬ 
tinue  to  look  at  the  other  properties  jt  magnetic 
switches,  and  untangle  a  few  remaining  problems  as¬ 
sociated  with  this  experiment. 
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Fig.  3.  Single  section  of  eight  pulse  burst  generator. 
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Typical  Waveforms 
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Eight  pulse  burst  generator  stages. 
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Introduction 

The  ETA/ATA  injector  is  essentially  a  2.5  MeV 
trlode  with  a  hollow  anode  through  which  a  0  to  10 
kA  electron  beam  Is  Injected  Into  the  downstream 
accelerator  sections.  A  sketch  of  this  device  Is 
presented  In  Figure  1.  The  2.5  MeV  anode  potential 
Is  generated  by  ten  series  Induction  units  each 
driven  with  a  250  kV,  50  ns  pulse.  At  present, 
these  pulses  are  generated  by  twenty  water-filled 
Blumlelns,  switched  Into  the  structure  almost 
simultaneously  by  twenty  high-pressure  gas-blown 
spark  gaps.  Replacement  of  these  devices  with  mag¬ 
netic  switches  Is  under  consideration. 

The  electron  beam  Is  sourced  by  a  cold  plasma 
cathode  and  extracted  by  a  screen  grid.  The  cath¬ 
ode  plasma  Is  generated  through  the  creation  of 
3000  simultaneous  surface  discharges  arranged  uni¬ 
formly  over  the  area  of  the  ten  Inch  diameter 
surface.  A  100  kV  pulse,  10  ns  In  duration  and 
individually  reslstlvely  coupled  to  each  of  the 
3000  five-mil  gaps,  produces  these  discharges. 

This  pulse  must  be  timed  approximately  60  ns  prior 
to  the  application  of  the  grid  voltage. 

The  grid-cathode  gap  Is  adjustable  and  Is 
varied  to  provide  an  approximate  8(2  load  Impedance 


to  the  grid  drive  pulse.  The  actual  operating  cur¬ 
rent  Is  dictated  by  the  experimentalists  who  are 
using  whatever  comes  out  of  the  end  of  the  acceler¬ 
ator.  Typically,  the  desired  operating  current 
will  vary  from  2  to  12  kA. 

The  grid  driver  must  therefore  generate  a  pulse 
Into  an  8(2  load  which  can  be  varied  from  20  to  120 
kV  and  can  be  accurately  timed  with  respect  to  a 
point  on  the  anode  voltage  waveform. 

In  order  to  keep  low  jitter  In  the  Injector 
accelerator  cells,  the  pressurized  gas  system  Is 
normally  adjusted  to  track  large  voltage  varia¬ 
tions.  Since  the  grid  adjustments  do  not 
necessarily  follow  those  of  the  Injector,  operation 
of  the  two  systems  from  a  cannon  gas  supply  became 
very  limited  and  In  many  cases  nearly  Impossible. 

A  magnetic  grid  drive  system  was  adopted  in 
mld-1981  on  the  ETA  to  be  totally  Independent  of 
the  injector  and  recently  a  similar  system  was 
built  to  replace  the  Blumleln  spark-gap  system  of 
the  ATA. 

A  block  diagram  of  the  cathode-grid  electronics 
Is  presented  In  Figure  2.  The  remainder  of  this 


2.5  MEV,  10KA  ELECTRON  INJECTOR 
FIG.  1 
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report  will  address  the  individual  components 
Illustrated  there. 
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Operation  of  the  Magnetic  Grid  Driver 

A  bank  of  four  thyratrons  discharges  a  2.65  nf 
capacitor  into  the  single-turn  primary  winding. 

The  Metglass  Input  transformer  charges  the  0.022  pF 
first-stage  capacitor  to  approximately  eleven  times 
the  primary  voltage  In  2.5  ms.  The  saturation  of 
the  first  stage  Inductor  produces  a  600  ns  charge 
on  the  second  stage. 


Magnetic  Srld  Driver 

The  magnetic  grid  driver  Is  a  three-stage  cas¬ 
cading  magnetic  switch.  Each  stage  uses  a  30  kg 
Metglas  2605  CO  core  to  provide  a  power  gain  of  >4 
In  transferring  the  electrical  energy  between  capa¬ 
citors  of  equal  value  and  then  finally  Into  an  8 
load.  The  final  stage  capacitor  Is  actually  a  1.50 
water-filled  PFL.  The  circuit  Is  depicted  sche¬ 
matically  In  Figure  3.  The  output  pulse  energy  is 
initially  stored  at  »  11  kV  In  a  2.65  pF  capacitor 
located  In  the  "switch  chassis"  schematically 
Illustrated  In  Figure  4.  The  bias  resistor  located 
In  the  magnetic  switch  provides  rapid  reset  of  the 
saturable  magnetic  cores  between  pulses  and  biases 
the  cores  so  as  to  provide  the  maximum  &B  swing 
available. 


TuM 


I - — - - - 1  r 


tWTTQM  CNAMtt  imWMTH 


The  data  presented  plctorlally  In  Figure  5 
shows  in  overlay  of  multiple  two  pulse  burst.  The 
output  pulse  of  110  kf  Into  an  8(1  dumay  load  pos¬ 
sesses  a  50  ns  FMHM  and  20  ns  10  to  90S  risetime. 
The  pulse  shape  Is  somewhat  distorted  by  the 
resistive  divider  used  to  collect  this  data.  A 
more  detailed  description  of  the  magnetic  grid 
driver  follows  below. 


The  energy  continues  to  cascade  to  higher  and 
higher  power  levels  finally  applying  a  50  ns  FWHM 
pulse  to  the  primary  of  a  2:1  step-up  output  trans¬ 
former.  This  operation  is  pictured  In  Figure  6. 

The  actual  construction  of  the  saturable  Inductors 
and  both  input  and  output  pulsed  transformers  Is 
illustrated  in  Figures  7  and  8. 
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6r1d  Driver  Installation 


8efore  the  grid  driver  could  be  Installed  on 
the  machine  It  was  necessary  to  further  reduce  the 
output  pulse  risetime.  This  was  accomplished  by 
placing  a  pulse  sharpener  In  the  transmission  lines 
which  connected  the  grid  driver  to  the  Injector. 

A  pulse  sharpener  uses  Zn-NI  ferrite  cores  to 
place  an  opening  In  the  transmission  line  until  the 
Input  to  the  sharpener  Is  at  full  voltage.  When 
the  enclosed  ferrite  saturates,  It  removes  the  open 
and  allows  the  pulse  to  proceed  to  the  output.  The 
rlsetlme  of  the  pulse  out  of  the  sharpener  is  only 
limited  by  the  saturated  Inductance  of  the  sharp¬ 
ener. 

The  effect  of  the  sharpener  Is  shown  by  the 
actual  grid  current  voltage  waveforms  presented  in 
Figure  9.  This  form  of  pulse  sharpener  Is  plctor- 
lally  depicted  In  Figure  10. 


If  the  reader  closely  examines  the  cathode  cur¬ 
rent  waveforms  depicted  In  Figure  9,  a  small  pulse 
approximately  2  kA  In  a^litude  and  10  ns  In  dura¬ 
tion  appears  *60  ns  before  the  main  current 
pulse.  This  is  the  current  from  the  cathode 
Igniter  pulse  which  also  passes  through  the  series 
resistors  used  to  measure  cathode  current.  This 
will  be  our  next  topic  for  discussion. 

The  Cathode  Igniter  Pulse 

Research  which  led  to  the  present  plasma 
cathode  design  Indicated  that  an  Ignition  pulse 
which  rose  to  at  least  60  kV  In  a  short  a  time  as 
possible  (  *  10  ns)  was  mandatory  to  create  a 
plasma  sheath  which  was  uniform  to  small  fractions 
of  a  centimeter  over  the  500  cm2  cathode  sur¬ 
face.  It  was  also  observed  that  as  this  cathode 
plasma  was  further  heated  by  continued  application 
of  Igniter  current  that  the  plasma  expansion  velo¬ 
city  and  temperature  Increased  undesirably.  In 
addition,  as  the  pulse  length  approached  several 
100  ns  the  resistor  network  which  coupled  the  pulse 
energy  to  the  discharges  would  begin  to  undergo 
permanent  changes  In  a  direction  which  led  to  large 
Increases  In  the  entropy  of  system. 

Experimentally,  it  was  determined  that  a  pulse 
120  kV  In  amplitude  with  10  ns  FVIHM  lead  to  uniform 
emission,  a  tolerable  7cm/ us  plasma  sheath  expan¬ 
sion  velocity,  and  a  >10®  shot  life. 

A  pulse  generator  was  already  available  which 
produced  a  pulse  120  kV  in  amplitude,  but  with  a  50 
ns  rlsetlme  and  200  ns  FWHM.  A  pulse 
sharpener/clamp  was  constructed  out  of  Zn-NI  fer¬ 
rite  cores  supplied  by  Stackpole,  Inc.  This  device 
represented  In  Figure  11  produced  a  satisfactory 
pulse  and  Is  now  employed  In  ETA. 


CATNOM  IIWU  PMN 
Mbit 


12 


Appendix 

The  use  of  Metglas  in  Fast  (  <  100  ns)  Pulse 
lVansformcrs 


The  use  of  Metglas  In  fast  pulse  transformers 
is  of  particular  interest  10  the  designers  of 
induction  llnacs.  An  Induction  llnac  Is  simply  a 
pulse  transformer  with  an  electron  beam  as  a 
secondary.  Both  ETA  and  ATA  are  Zn-NI  ferrite  core 
induction  llnacs.  Ferrite  was  chosen  because  at 
the  time  it  was  the  only  material  which  exhibited 
satisfactorily  low  losses  for  50  to  70  ns  duration 
pulses.  Metglas  Is  now  available  and  it  may  be 
time  to  once  again  examine  the  options.  The  higher 
iBs  of  Metglas  could  reduce  core  volumes  almost 
an  order  of  magnitude  if  the  present  accelerator 
gradients  were  maintained. 

It  Is  worth  taking  a  minute  to  examine  upon 
what  the  core  losses  depend.  The  reader  may  have 
noticed  that  the  magnetic  grid  driver  uses  a 
Metglas  output  transformer  for  a  SO  ns  FWHM  pulse. 
It  must  therefore  be  assumed  that  Metglas  can  some¬ 
how  be  made  to  work  In  this  application. 

Calculation  of  Core  Losses 

There  are  three  primary  contrlbutli  ’  to  the 
core  loss,  the  dc  anisotropy  energy,  ed  current 
losses  and  spin  relaxation  viscous  damping  The  dc 
anisotropy  energy  can  be  determined  by  measuring 


at  low  frequencies,  but  the  eddy  current  and  spin 
relaxation  losses  vary  with  frequency. 

The  losses  In  the  metallic  tape-wound  cores  is 
strongly  influenced  by  the  above  mentioned 
frequency-dependent  effects.  Examination  of  these 
cores  Indicates  that  a  saturation  wave  begins  at 
the  surface  of  the  tapes  and  propagates  toward  the 
center.  The  propagation  velocity  Is  simply  the 
domain  wall  velocity  and  Is  given  by 

V  .11*  -  Ho>  [css] , 

where  Hg  is  the  saturation  field  and  3  is  given  by 
3  *  3e  *  9r 


with  3e  (3r)  being  the  eddy  current  (spin 
relaxation)  viscous  damping  parameter.  The  satura¬ 
tion  field  of  a  tape  of  thickness  d  Is  approximately 
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here  y  Is  the  gyromagnetlc  ratio,  k  the  anisotropy 
energy,  the  Gilbert  damping  parameter,  and  A  the 
exchange  stiffness  constant. 

For  short  pulses  the  dominant  term  is  the  eddy 
current  loss  and  where  d(t)  is  the  thickness  of  the 
saturated  portion  of  the  tape.  It  has  always  been 
felt  that  Metglas  could  not  be  used  in  these  induc¬ 
tion  linac  cores  until  a  technique  of  producing  0.7 
mil  Metglas  was  developed.  In  actuality,  it  Is 
possible  to  use  1  mil  thick  Metglas  but  only  70X  of 
the  total  available  area  Is  useable.  This  would 
require  the  use  of  more  Metglas  than  if  0.7  mil 
Metglas  were  in  exlstance  but  still  requires 

considerably  less  Metglas  than  ferrite. 
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I.  Summary 


The  essentially  unlimited  rep-rate  capability 
of  non-linear  magnetic  systems  has  imposed  strict 
requirements  on  Che  drive  system  which  initiates  the 
pulse  compression.  An  order  of  magnitude  increase  in 
che  rep-rates  achieved  by  Che  Advanced  Test  Acceler¬ 
ator  (ATA)  gas-blown  system  is  not  difficult  to 
achieve  in  the  magnetic  compressor.  The  added  re¬ 
quirement  of  having  a  high  degree  of  regulation  at 
the  higher  rep-rates  places  strict  requirements  on 
the  Criggerable  switch  for  charging  and  dequeing.  A 
novel  feedback  technique  which  applies  the  proper 
bias  to  a  magnetic  core  by  comparing  a  reference 
voltage  to  the  charging  volcage  eases  considerably 
che  regulation  required  to  achieve  low  jitter  in 
magnetic  compression.  The  performance  of  Che  high 
rep-rate  charging  and  regulation  svstems  will  he 
described  in  the  following  pages. 

The  application  of  magnetic  switching^  to  high 
repetition-rate  pulsed  power  generation  has  not  onlv 
greatly  simplified  the  problem  of  operating  high  power 
systems  at  10  kHz,  but  has  generated  a  whole  new 
spectrum  of  reouirements  for  the  input  drive  system. 

Our  interest  lies  primarily  in  creating  short 
bursts  of  pulses  rather  than  a  continuous  pulse  train, 
the  de  power  supplies  currently  in  use  reouire  at 
least  one  srcond  to  generate  the  energy  required  for 
each  burst. 

While  It  is  possible  to  simply  charge  many 
capacitors  in  parallel  and  discharge  them  one  at  a 
cine  into  the  input  of  the  magnetic  switch,  this  tech¬ 
nique  becomes  clumsy  and  bulky  as  the  number  of  pulses 
in  a  burst  increases.  Therefore,  it  was  desirable  to 
develope  a  system  which  requires  only  one  intermediate 
storage  capacitor  and  recharge  that  capacitor  in  the 
time  between  pulses. 

One  method  of  accomplishing  this  is  called 
"Command  Resonant  Charging."  The  concept  is  illus¬ 
trated  in  Fig.  1  where  switch  Sj  is  closed  at  the 
time  Tj  and  capacitor  Cj  begins  inductively  charging 
from  the  energy  stored  capacitor  Cj .  At  the  time  Tjj, 
switch  Sjj  is  closed  to  halt  the  charging  process. 
Finally,  after  allowing  enough  time  for  switch  Sj  to 
recover  (open),  switch  Sfjj  can  he  closed  and  the 
energy  stored  in  Cj  is  transferred  to  the  load. 

The  act  of  closing  switch  Fjj  is  called  dequeing 
and  is  used  to  achieve  a  constant  final  voltage  on 
even  though  the  voltage  on  capacitor  C]  droops  during 
the  burst. 


II.  ORC  Compensation 

The  major  source  of  error  associated  with  de¬ 
queing  type  regulation  comes  as  a  result  of  the  in¬ 
terval  between  the  time  one  measure*  Che  desired  volt¬ 
age  on  the  intermediate  storage  capacitor  and  the 
firing  of  the  dequeing  tube.  Attempts  were  made  to 
minimize  this  interval,  but  because  of  turn-on  times 
of  thyratrons  and  pulse  amplifiers  as  well  as  time 
lags  in  cables,  time  intervals  much  less  tb*n  1  lis 
became  impractical .  Such  a  time  lag  could  result  in 
as  much  as  a  72  volcage  error  with  a  70  us  charging 
time.  This  problem  is  illustrated  in  Fig.  7. 

It  is  possible  to  compensate  for  this  effect  if 
one  can  predict  che  voltage  on  the  capacitor  in  ad¬ 
vance  and  start  the  dequeing  process  appropriately 


ahead  of  time.  To  see  how  this  could  be  done,  let  us 
examine  the  circuit  depicted  in  Fig.  3. 

Let 

V  (t)  °  Voltage  on  Switch  Chassis  Capacitor 
c 


and 


V  (t)  •  Voltage  measured  on  divider, 
m 


A  simple  analysis  gives 


W 


V  (tj  *  »C  V  (tj  ♦  LC  V  (t.)  . 

c  o  c  n  c  o 


While  an  expansion  of  Vc(t)  about  the  point  t  ”  to 
yields 


V  (t  ♦  t) 
c  0 


1  - 


At"  /n)(tn) 


•W  *at-vc(t0>  *^-vc(t0)  . 

It  becomes  obvious  that  through  the  correct 
choice  of  values  for  R  and  L  (i.e.,  RC  -  At  and 
LC  •  At^/2).  It  is  possible  to  make 
Vp  ( tn  )  *  Vc  ( to  *  At ) . 

III.  The  ATA  Master  Trigger  Svstem 

The  early  completion  of  the  ATA  master  trigger 
pulser  afforded  an  excellent  opportunity  to  material¬ 
ize  ideas  on  an  actual  full-scale  magnetic  switch. 

This  pulser  was  constructed  to  supply  an  •v  Xpn-J 
pulse  capable  of  providing  a  low-iicter  trigger  to 
four  of  the  ATA  spark  gaps.  A  simplified  schematic 
of  what  became  of  the  final  system  is  shown  in  Fig.  A. 

The  0.5  ufd  intermediate  storage  capacitor  is 
charged  via  a  single  thvratron  and  240  uh  inductor 
from  a  150  ufd  capacitor  bank.  Voltage  on  this 
capacitor  is  measured  by  a  differential  divider  which 
subtracts  off  the  voltage  drop  appearing  on  the  output 
during  charging.  The  capacitor  is  arranged  in  the 
circuit  in  this  manner  so  that  the  charging  current 
resets  the  magnetic  switch. 

The  output  of  the  differential  divider  is  com¬ 
pared  to  s  reference  voltage  and  a  single  dequeing 
thyratron  halts  the  charge  at  the  desired  voltage.  A 
7  ttl  bias  resistor  holds  the  magnetic  material  at 
-B,gt  until  two  thyratrons  are  fired  providing  a 
1  us  transfer  of  the  energy  in  the  intermediate 
storage  through  the  9:1  stepup  transformer  into  the 
first  stage  capacitor  of  the  magnetic  switch.  Two 
stages  of  compression  yield  a  150-kV  pulse  into  the 
13—0  load. 


IV.  Control  Circuitry 


The  deoueing  circuit  consists  primarily  of  a  TTL 
high-speed  comparater  and  peripheral  line  driver.  The 
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output  pulse  drives  a  MOSFET  amplifier.  The  output 
from  this  amplifier  triggers  the  SCRs  in  a  3-kV,  50- Q 
amplifier,  which  is  actually  an  SCR-driven  magnetic 
switch.  The  output  from  this  amplifier  triggers  the 
CXI 538  EEV  thyratron.  The  complete  system  has 
demonstrated  a  jitter  of  less  than  0.5  ns  and  is 
capable  of  running  at  up  to  1  kHz  average  repetition 
rate. 

A  block  diagram  of  this  control  system  which  is 
contained  in  a  single  8-3/4-in. -high  rack  mount  NIM 
bin  is  shown  in  Fig.  5. 

The  actual  operation  is  presented  by  Fig.  A. 

Here  it  is  possible  to  see  the  effect  of  deaue  regu¬ 
lation  on  a  50-pulse  burst  at  10  kHz.  The  variation 
of  the  output  timing  when  there  is  no  dequeing  illus¬ 
trates  the  moat  important  reason  for  achieving  good 
regulation  on  the  input  of  a  magnetic  switch. 

There  has  not  been  anv  mention  above  of  how 
several  magnetic  systems  can  be  synchronised  together 
to  control  the  output  pulse  timing  to  within  fractions 
of  a  nanosecond.  This  is  certainly  a  non-trivial 
matter;  in  fact,  it  was  once  assumed  impossible. 

Thus,  we  address  it  here. 

We  will  begin  by  stating  that  it  is  indeed 
possible.  On  the  ETA  accelerator  the  jitter  between 
the  timing  of  the  anode  voltage  waveform,  determined 
by  the  magnetic  trigger  system  and  the  grid  voltage 
waveform  (determined  by  the  magnetic  grid  driver)  is 
typically  M  ns.  This  jitter  is  determined  by  the 
switch  chassis  thyratron  jitter  and  changes  in  the 
saturation  time  of  the  inductors  in  the  magnetic 
switch. 

TTie  thyratrons  used  are  the  FFV  CX1538*.  These 
tubes  are  built  with  a  keep-alive  electrode  which  pro¬ 
vides  a  constant  low-level  ion  density  in  the  tube  be¬ 
tween  pulses.  The  best  measurement  of  jitter  in  the 
anode  delay  time  we  have  made  is  an  upper  limit  of 
V).5  ns. 

Variations  in  saturation  times  pose  a  much  more 
serious  problem.  There  are  two  effects  which  lead  to 
these  variations.  The  saturation  time  is  derived  hv 
combining  the  material  properties  with  Maxwell's 
equations. 

JV.  dt  ■  NA  AB  . 

0  L 


The  changes  in  ABS  were  easily  handled  by  both 
accurately  controlling  the  reset  pulse  timing  and  the 
tempeature  of  the  HV  insulating  oil  in  which  these 
switches  are  immersed.  Tfc*  temperature  control  was 
achieved  by  circulating  the  HV  oil  through  a  heat 
exchanger. 


Fig.  5.  10  kHz  controller  (NIMS) 
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50  PULSE  BURST  WITHOUT 
DE-OUE  REGULATION 


50  PULSE  BURST  WITH 
.1%  DE-QUE  REGULATION 


INTERMEDIATE  STORE 
500ut«c./div.,5kv/dlv. 


INTERMEDIATE  STORE 
20u««c./div.,/&kv/dlv. 


magnetic  switch 

FIRST  STAGE  CAPACITOR 
200ns«c./div.,50kv/div. 


OUTPUT  PULSE 

50nt«c./div..,50kv/div.(  1 2  OHM) 


rig.  ft.  Voltage  regulation  and  fitter. 


Returning  to  the  problem  of  voltage  variation, 
rdelay  0ur  case  is  of  order  l  U3  and  to  obtain  a 
0.5  ns  of  output  timing  variation  would  require  a 
voltage  regulation  of  V).05t.  The  actual  voltge  regu¬ 
lation  measured  was  0.055! ,  so  in  this  case  we  will 
leave  things  as  they  are.  However,  an  alternative  for 
good  regulation  was  developed.  Measuring  the  voltage 
to  0.012  accuracy  is  fairly  straight  forward ,  and  with 
this  information  the  changes  in  timing  of  the  output 
pulse  can  be  simply  calculated.  In  princip'e,  it 
should  be  possible  to  delay  the  trigger  to  the  switch 
chassis  tbyratrons  by  varying  amounts  to  compensate 
for  this  effect. 

This  is  the  operating  principle  of  the  "Voltage 
Variable  Delays."  These  devices  compare  the  voltage 
on  the  primary  capacitor  with  a  dc  reference  supplv 
rith  better  than  0.012  regulation.  Any  differences 
n  voltages  will  induce  a  corresponding  hias  current 
in  a  saturable  inductor  located  in  the  low-level  trig¬ 
ger  system.  The  changing  hias  current  is  adjusted  to 


yield  changes  in  saturation  time  which  varv  the  thyra- 
t ron  trigger  time  to  compensate  for  the  predicted  cum- 
mulative  changes  in  saturation  times  of  the  magneric 
switch.  A  demonstration  of  the  usefulness  of  this 
device  was  provided  hv  the  ETA  magnetic  grid  driver. 

We  purposely  spoiled  the  regulation  on  the  CRC.  fhe 
results  are  depicted  in  Fig.  7.  The  basic  concept  i « 
further  illustrated  in  Fig. 

V.  Fesul ts 

While  magnetic  switches  do  somewhat  complicate 
the  driving  and  control  circuitry,  we  feel  at  least 
for  our  application  that  fhev  are  worth  the  e*rr* 
nui sance . 
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Principle  of  voltage  variable  delay. 
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Melt-spun  ferromagnetic  metallic  glasses  are 
available  with  high  resistivity,  high  saturation 
induction  and  thin  ribbon  geometry.  These  properties 
make  them  of  interest  for  magnetic  compression  of  high 
power  pulses.  This  paper  presents  background 
information  on  metallic  glasses  and  their  properties. 
Magnetic  switching  is  discussed  relative  to  these 
properties  including  some  results  of  current  research 
efforts  utilizing  metallic  glass  ribbon. 


Introduction 

Ferromagnetic  metallic  glasses,  or  amorphous 
metals,  have  received  considerable  attention  recently 
as  core  materials  for  saturating  inductors  in  magnetic 
switches.1'5  The  need  for  high-reliability, 
high-power,  pulse  sources  for  accelerators  and  lasers, 
often  with  capabilities  of  high  repetition  rates,  has 
led  several  laboratories  to  refine  and  scale  up  in 
power  level  pulse  compression  techniques  first 
invented  for  radar  in  the  1950 's.  Metallic  glasses 
with  attractive  properties  for  saturable  reactors  - 
high  saturation  induction,  high  squareness  ratio,  and 
high  resistivities  -  became  conrniercially  available  in 
thin  ribbon  form  at  approximately  the  same  time  as 
this  rebirth  in  interest  in  non-linear  magnetics. 

This  paper  presents  a  background  on  metallic 
glasses  -  what  they  are,  how  they  are  produced  and 
their  relevant  magnetic  and  mechanical  properties.  A 
brief  discussion  on  magnetic  switching  and  its 
relation  to  the  materials  properties  of  glassy  metals 
is  included.  Finally,  some  results  of  current 
research  on  magnetic  switching  for  pulse  power  are 
presented. 


Metallic  G.xses 


Glasses  are  solids  in  which  the  random  order  of  a 
liquid  has  become  frozen  in  place.  They  do  not  posess 
the  usual  long-range  order  found  in  crystalline 
solids.  Ouwez  in  1960  found  that  such  an  amorphous 
structure  could  be  produced  in  alloys  of  metals  and 
semi  petals  by  extremely  rapid  quenching  from  the 
melt.  The  years  since  1960  have  seen  tremendous 
world-wide  activity  in  develooino  allove.  oroduction 
technology,  applications  and  scientific  understanding 
of  amorphous,  rapidly-quenched  alloys.  Many  articles 
review  ^  various  aspects  of  this  new  class  of 
metals.  '  The  existence  of  ferromagnetic  metallic 
glasses  has  spurred  much  of  this  interest. 
Ferromagnetic  exchange  interactions  require  only 
short-range  order. 


Most  soft  ferromagnetic  metallic  glasses  of 
practical  interest  are  eutectic  (lowered  melting 
point)  or  near-eutectic  alloys  of  approximately  80 
atomic  percent  of  one  or  more  transition  metals  Fe, 
Ni,  Co  and  20  atomic  percent  metalloids,  or  semi 
metals  s,  Si,  C  and  P.  Various  other  elements  such  as 
Mo,  Ge,  Cr  and  Al  are  often  added  in  smaller  amounts. 
Alloys  are  chosen  for  desired  magnetic  properties,  for 
glass  forming  ability  and  for  stability  against 
crystallization.  Metallic  glasses  are,  as  are  most 
products  of  physical  metallurgy  used  in  research  and 
industry,  not  in  an  equilibrium  state.  At 
temperatures  above  approximately  60  percent  of  their 
melting  points  metallic  glasses  rapidly  crystallize 
with  an  exotherm  corresponding  to  their  trapped  latent 
heat  of  fusion.  Alloys  which  are  selected  for 
commercial  applications  must  have  extrapolated 
lifetimes  of  hundreds  o^  thousands  of  years  at  normal 
operating  temperatures. 

Production 

Although  amorphous  alloys  can  also  be  produced  by 
vapor  deposition  and  by  electroplating,  current 
production  of  commercial  quantities  are  achieved  by 
forcing  a  thin  stream  of  liquid  metal  into  intimate 
contact  with  a  moving,  chilled  metal  substrate  with 
high  thermal  conductivity^  To  achieve  the  required 
cooling  rates  of  10  to  10  K/sec,  the  ribbon  produced 
must  be  thin  -  100  micrometers  or  less  depending  upon 
the  alloy  and  the  apparatus.  Widths  greater  than  a 
few  millimeters  require  the  expedient  of  placing  the 
nozzle  of  the  crucible  containing  the  molten  alloy  in 
very  close  proximity  to  the  substrate.  See  Figure  1 
for  an  example  of  planar  flow  casting.  A  continuous 
ribbon  approximately  25  micrometers  thick  by  50 
millimeters  or  more  wide  can  be  produced  at  15  to  30 
meters  per  second.  Catching  and  winding  the  ribbon 


planar  flow  casting. 
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and  continuous  metal  feed  to  the  nozzle  are  production 
problems  which  have  been  solved  in  a  prototype  METGLAS®* 
ribbon  production  facility  in  Parsippany,  NJ  as 
shown  in  Figure  2.  METGLAS  ribbon  is  currently 
available  with  nominal  28  micrometer  thickness,  25  and 
50ros  wide.  Ribbon  as  wide  as  170mm  has  been  cast 
experimentally . 


Figure  2.  Production  casting  of  metallic  glass  ribbon. 
Properties 

Ferromagnetic  metallic  glasses  have  a  unique 
combination  of  mechanical  strength  and  extremely  soft 
magnetic  properties.  The  strength  is  due  both  to 
their  disordered  structure  and  to  the  strong  bonding 
between  the  metal  and  metalloid  atoms.  The  soft 
magnetic  properties  are  due  to  the  lack  of 
magneto-crystalline  anisotropy  and  the  lack  of  grain 
boundaries  to  impede  domain  wall  movement.  In 
addition,  the  atomic  disorder  results  in  resistivities 
which  are  two  to  three  times  those  of  crystalline 
metallic  alloy  tapes  and,  therefore,  lower  eddy 
current  losses. 


The  properties  of  amorphous  metals  can  be  altered 
by  annealing  at  temperatures  below  their 
crystallization  temperatures.  Annealing  serves  to 
relax  the  residual  stresses  from  quenching,  as  well  as 
the  bending  stresses  introduced  during  core 
fabrication.  These  stresses  can  alter  the  magnetic 
properties  due  to  the  magnetostriction  of  the 
materials.  In  addition,  the  domain  structure  can  be 
altered  by  annealing  above  or  near  the  Curie 
temperature  in  the  presence  of  a  magnetic  field.  The 
easy  direction  of  magnetization  can  be  oriented 
parallel  to  the  ribbon  directions  for  maximum 
remanance  and  squareness  or  perpendicular  to  the 
ribbon  direction  to  produce  a  more  linear  magnetic 
material  with  low  remanance.  Annealing  alters  the 
short  range  order,  slightly  increasing  the  saturation 
induction,  but  also  somewhat  increasing  the 

brittleness  of  the  material. 

Table  1  summarizes  some  of  the  properties  of 
three  metallic  glass  alloys  of  interest  for  magnetic 
switches  and  modulators. 

METGLAS  2605SC  is  an  iron-based,  high  induction 
alloy  made  from  relatively  low  cost  raw 

materials.  It  was  oriqinally  developed  for 
distribution  transformers. 

METGLAS  26Q5CO  has  the  maximum  saturation 
induction  obtained  by  substituting  cobalt  for 
some  of  the  iron. 

METGLAS  2826MB  is  an  iron-nickel  based  alloy. 
The  hiaher  resistivitv  and  extremely  low  coercive 
force  make  it  potentially  interesting  for  high 
frequency  radar  modulators. 


Table  1.  Properties  of  METGLAS  Alloys.12 


2605SC 


?<S05Cr' 


Physical  Properties 


Composition  (atomic  »)  Fegi 

P  SC 

*13 . 53 . 52 

rVr°ieBi 

Density  (gm/cmJ) 

7.3 

'.56 

Crystallization  Temp  (“Cl 

480 

430 

Resistivity  (  u  fi  a) 

1.25 

1.30 

Ultimate  Tensile  .strength 

(G  Pa) 

.7 

1.5 

Magnetic  Properties  (as-cas/ 

) 

Saturation  induction  (T) 

1.57 

1.75 

Induction  at  80  A/m 

.80 

.80 

Remanance  from  80  A/m  (T) 

.67 

.70 

Coercive  force  (A/m) 

6.4 

6.4 

Curie  temperature  (’C) 

370 

41*5 

Saturation  magnetostriction 

(ppm) 

30 

1  c 

Magnetic  Properties  (field-annealed) 


Saturation  induction  (T) 

1.61 

1.80 

Induction  at  80  A/n  (T) 

1.54 

1.06 

Remanance  from  80  A/m  (T) 

1.47 

1 .60 

Coercive  force  (A/m) 

3.2 

4.: 

1 


2  Pnf.vp 


MC  Q 

a  4  H 


9.02 
410 
2 .60 

? .  4 


4.C 


IS* 


4  Ck 

.93 

.60 

.0 


METGLAS  is  Allied  Corporation's  registered  trademark 
for  amorphous  alloys  of  metals. 


Some  as-cast  properties  are  influenced  by  diameter  of  tore id.  Data 
taken  on  42mm  diameter  toroids. 


Magnetic  Switching 

Several  papers  mentioned  previously  discuss  the 
basic  concepts  of  magnetic  switching. 
comprehensive  treatments  are  also  available. 

Only  the  basic  concepts  will  be  discussed  here  to 
provide  a  framework  for  discussing  the  relevant 
properties  of  metallic  glasses. 

Basic  Magnetic  Switches 

The  non-linear  permeability  of  a  square-loop 
ferromagnetic  material  allows  a  saturable  inductor  to 
be  used  as  a  "closing"  switch  -  that  is  a  switch  which 
delays  the  application  of  a  voltage  to  a  load  as  shown 
in  Figure  3.  Before  the  core  becomes  saturated,  the 
high  permeability  of  the  core  results  in  a  high 
reactance  and  most  of  the  voltage  appears  across  the 
coil.  As  the  core  becomes  saturated,  the  permeability 
of  the  core  rapidly  decreases  to  near  unity  and  the 
reactance  decreases  to  a  low  value  thereby  applying 
the  full  voltage  across  the  load. 


Circuit  Diagram  Voltage  Waaalorma 


Figure  3.  A  magnetic  switch. 

when  capacitors  are  added  and  several  stages  are 
present,  we  havp  the  familiar  Melville  line  in  Figure 
4  which  compresses  the  pulse  at  constant  voltage  with 
gain  in  current. 

In  either  case,  the  hold-off  time  or  time  to 
saturate  the  core  is  simply: 

t  -  ABNA/v.  (1) 

where  AB  is  the  change  in  induction,  N  the  number  of 
turns.  A  the  cross  section  area  of  the  core  and  V  the 
average  voltage  across  the  core.  To  make  a  compact 
unit,  a  large  change  in  induction  is  desirable. 
Therefore,  materials  should  have  high  saturation 
induction.  The  "let-through"  or  leakage  current 
before  saturation  is  the  magnetizing  or  exciting 
current  is  related  to  the  exciting  field  H  ,  the 
number  of  turns  H  and  the  magnetic  pathlength  f. 

r  -  H  1/N  12) 

ex  ex 

How  thoroughly  the  switch  turns  on  is  related  to  the 
saturated  reactance  of  the  inductor  which  is  both 
material  and  geometry  dependent.  What  is  desireable, 
then,  is  a  square-loop  material  with  high  saturation 
induction,  low  losses  and  low  saturated  permeability. 
The  first  two  properties  imply  a  high  unsaturated 
permeability. 


Mafc  voltage  In  each  stage  constant 
Current  gain  •  Mae  Compression 
energy  traneler  efficiency  « 1 

Figure  4.  Series  magnetic  pulse  compressor. 


The  behavior  of  a  thin  metallic,  ferromagnetic 
ribbon  in  tape-wound  cores  under  faet-pulae 
magnetization  is  ^ascribed  by  saturation-wave  theory 
proposed  by  Ganz.  Each  layer  Is  divided  into  three 
regions  shown  in  Figure  5  -  a  central  region, 
uniformly  magnetized  in  its  original  state,  (shielded 
by  eddy  currents);  an  outer  region,  saturated  in  the 
direction  of  the  applied  field;  and  the  domain  wall, 
propagating  inward  as  rapidly  as  allowed  by  eddy 
current  shielding.  Applying  this  theory  to  modulator 
cores,  Nunnally  has  shown  that  parameters  of  interest, 
leakage  current  and  eddy  current  losses,  scale  as  the 
tape  thickness  squared  divided  by  the  resistivity,  and 
the  time  between  inner-wrap  and  outer-wrap  saturation 
sjajgs  as  the  square  root  of  the  same  factor,  t /p 
.  '  Therefore,  thin  materials  with  high  resistivity 
are  advantageous.  Fabricating  large  cores  from 
extremely  thin  materials  without  plastically  deforming 
them  and  altering  their  magnetic  properties  is 
difficult.  Therefore,  high  strength  is  a  bonus. 


Figure  S.  Magnetization  of  a  ferromagnetic  ribbon  In 
saturation  wave  theory. 

Geometry 

To  allow  a  rapid  switching  and  a  fast  pulse 
rise-time,  there  are  several  design  considerations 
involving  both  material  and  geometry.  The  saturated 
inductance  of  the  coil  Ls  is  given  by: 

L  ■  UP.  AN2/1,  (3) 
s  o  s 

where  p  is  the  saturated  permeability  of  the 
material  fnd  1  its  magnetic  pathlength.  Therefore,  in 
obtaining  volt-second  hold  off,  ABNA,  in  equation  (1) , 
it  is  better  to  increase  A  than  to  increase  N  and  to 
choose  materials  with  high  B  .  Also  increasing  the 
magnetic  pathlength  decreases®  the  difference  between 
inner  and  outer  pathlength*,  therefore,  decreasing  the 
current  rise-time  at  the  sacrifice  of  increasing 
leakage  current.  of  course,  stray  inductances  and 
inductances  of  all  other  circuit  elements  must  be 
minimized. 

Typical  low  Inductance  geometries  are  shown  in 
Figure  6.  Coaxial  geometries  with  toroidal  magnetic 
cores  are  often  dictated  in  very  high  voltage  systems. 
The  capacitance  of  the  coaxial  conductors,  sometimes 
with  a  water  dielectric,  may  form  part  of  the  pulse 
forming  line. 

Stripline  geometries  with  "recetreck"  cores  ere 
used  in  laser  modulators  where  rise-time*  on  the  order 
of  lOneec  are  often  required.  The  saturate*! 
inductance  is  minimized  by  using  the  lerge  1  of  e 
racetrack.  The  time  between  inner-  and  outer-wrap 
saturation  ^is  minimized  by  using  magnetic  material 
with  low  t  /p  as  msntioned  earlier  end  by  using  a 
relatively  low  core  build  to  that  the  outer  pathlength 
is  almost  the  same  as  the  inner  pathlength. 
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Coaxial  Conductors  Stripllna  Conductors 

Toroidal  Cora  Racatrack  Cora 


Figure  6.  Low  inductance  geometries. 


Beget 

The  flux  excursion  of  Che  core,  AB,  depends  upon 
what  method  is  used  to  reset  the  core  after 
saturation.  If  no  reset  is  used,  the  core  returns  to 
its  residual  magnetization  and  AB  is  B  -  B  . 
Therefore,  a  low  value  of  remanance  is  deiireabli. 
With  a  cut  core  the  demagnetizing  field  reduces  the 
residual  magnetization  to  nearly  zero,  and  $  can  be 
as  large  as  B  .  If  a  pulsed  reset  is  used  and  the 
core  is  saturated  in  the  negative  direction  and 
allowed  to  return  to  minus  remanance,  the  flux 
excursion  will  be  s  +  B  .  In  such  a  system  high 
values  of  remanancer  are  sdesirable.  In  a  circuit 
without  reset,  ringing  may  serve  to  partially  reset 
the  core  in  a  similar  fashion,  finally,  if  a  constant 
dc  reset  is  applied  to  the  core,  the  full  flux  swing 

of  twice  B  is  available, 
s 

Insulation 

The  method  of  reset  and  the  necessity  of 
insulation  to  substantially  reduce  inter-laminar  eddy 
currants  influences  the  fabrication  of  cores  and 
whether  or  not  they  are  annealed.  The  voltage  induced 
between  layers  can  be  calculated  for  a  tape  of 
thickness  t  and  width  w  by  using  faraday's  law  of 
induction.  A  line  integral  is  chosen  encircling  two 
adjacent  layers  and  the  voltage  is  assumed  to  be 
divided  between  the  two  interfaces. 

V  »  wtdB/dt.  (4) 

Since  the  inner  and  outer  wraps  do  not  saturate 
at  the  same  time,  dB/dt  will  exceed  the  change  in 
induction  divided  by  the  average  time  to  saturation. 
In  a  core  with  a  large  od/IO  ratio,  the  peak  voltage 
between  payers  can  easily  be  twice  the  average 
voltages1  . 

Insulation  can  be  applied  either  as  a  coating  or 
as  a  separate  inter-laminar  layer  with  margins.  Many 
of  the  coating  methods  developed  for  other 
ferroMgnetie  tapes  can  be  used  for  amorphous  metals. 
Coatings  of  MgO  from  magnesii^  methylate  in  methyl 
alcohol  form  an  adherent  film1  .  Breakdown  voltages 
of  up  to  40  volts  for  multiple  coatings  may  be 
possible,  but  MgO  is  usually  used  for  only  a  few  volts 
per  lamination  which  corresponds  to  saturating  50mm 
by  25  ya  tape  with  B  «  1.6T  in  1  Usee.  However,  care 
must  be  used  in  applying  MgO  since  the  methylate  tends 
to  hydrate  before  it  is  annealed,  and  most  of  the 
information  developed  on  this  technique  utilized  the 
much  higher  annealing  temperatures  of  Hire  ribbons.* 

Many  other  dip  or  spray  coatings  can  be 
considered)  however,  chemical  compatibility  with  the 
ribbon  must  be  considered  and  water  based  processes 
will  cause  rust.  The  thermal  coefficient  of  expansion 
also  must  be  reasonably  close  to  that  of  the  metallic 
glass,  S-10  x  10  /K,  to  avoid  stresses  which  will 
degrade  the  magnetic  properties. 


Vapor  deposition  of  refractory  oxides  and 
condensation  deposition  of  polymers  such  as  Union 
Carbide  Company’s  Parylene  coatings  have  been 
suggested  by  several  laboratories.  However,  the  cost 
of  the  coating  apparatus  and  in  some  cases  the 
material  make  these  techniques  questionable  for  large 
switches.  Also  all  coating  techniques  fail  to  insure 
adequate  insulation  at  the  edges  -  where  the  highest 
voltage  stresses  occur. 

Interlaminar  insulation  by  co-winding  a  thin 
polymer  ribbon  which  is  wider  than  the  ferromagnetic 
ribbon  has  been  successfully ^  used  with  metallic 
glasses  in  large  toroids.  '  Mylar  films  are 
available  in  fractional  rail  thickness  as  are  polyimide 
films.  Polyimide  films  are  much  more  expensive  than 
Mylar,  but  can  withstand  the  typical  annealing 
temperatures  for  metallic  glass  ribbon  of  350-400'C. 
Either  film  provides  several  hundred  volts  insulation 
even  in  fractional  rail  thickness.  The  typical 
breakdown  voltage  of  one  mil  films^s  5000  V/mil  for 
Mylar  and  7000  v/mil  for  polyimide. 

Fabrication 

Most  saturable  switches  use  closed  loop  magnetic 
circuits.  These  are  ideally  suited  to  metallic  glass 
ribbons  which  can  be  wound  into  toroids  or  racetracks. 
If  the  cores  are  to  be  annealed  to  maximize  remanance, 
the  insulation  must  withstand  the  annealing 
temperatures.  Also  any  winding  mandrel  which  it 
annealed  with  the  core  must  have  a  coefficient  of 
thermal  expansion  less  than  that  of  the  metallic 
glass,  5-10  x  10  /K.  Due  to  the  extreme  strength  of 
metallic  glasses  aluminum  mandrels  have  been  known  to 
buckle  during  annealing,  due  to  their  higher 
coefficient  of  thermal  expansion.  Even  the 
accumulated  winding  stresses  at  20-50  Newtons  force 
can  distort  mandrels  during  winding. 

Anneal  cycles  for  large  cores  must  be  carefully 
designed  to  prevent  overannealing  due  to  accumulated 
time-at-temperaturc  during  slow  heat-up  and  cool-down. 
Slowly  heating  to  50  to  100°C  below  the  anneal 
temperature  can  insure  more  uniform  high  temperature 
exposure  of  all  parts  of  the  core.  Smaller  test  cores 
can  be  used  to  test  controlled-temperature  cycles. 

Encapsulating  finished  toroids  after  annealing, 
to  protect  them  from  mechanical  damage  or  from  rusting 
if  used  in  a  water  dielectric,  must  be  accomplished  in 
such  a  manner  to  avoid  stressing  the  ribbon. 
Impregnation  is  likely  to  put  a  face  stress  on  the 
ribbon  and,  thereby,  a  compressive  stress  via  the 
Poisson's  ratio,  due  to  changes  in  dimensions  during 
curing.  A  coating  of  a  viscous  casting  material,  over 
a  protective  layer  such  as  fiberolass  tape  provides 
protection  without  stressing  the  core.  The  exposed 
insulation  margin  may  also  prevent  the  encapsulant 
from  penetrating  between  layers  during  such  coating. 

Cut  coyes  of  metallic  glasses  have  been  recently 
developed.  Care  must  be  taken  in  both  cutting  and 
in  choosing  a  method  of  binding.  The  ribbon,  while 
hard  and  relatively  difficult  to  cut,  does  not  tend  to 
smear  over  or  the  cut  edge  minimizing  problems  with 
shorted  laminations  at  the  cut. 

Current  Research 

In  the  last  two  years,  several  papers  have  been 
presented  with  results  on  magnetic  switching  with 
metallic  glasses.  Several  papers  have  been  mentioned 
earlier,  and  additional  Jesuits  are  discussed  in  other 
papers  in  this  session.*  Most  of  these  efforts  have 
involved  pulse  sources  for  accelerators,  lasers  or 
radar.  In  most  cases,  magnetic  switching  is  being 
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investigated  due  to  its  potential  rep-rate  or  extended 
lifetime  potentials. 
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Introduction 


Stripline  magnetic  modulators  are  a  subset  of  gen¬ 
eral  magnetic  modulator  systems  designed  for  high- 
power  applications  requiring  a  fast  risetine  into  a 
low  impedance  load  such  as  an  electric  discharge 
laser.  This  paper  discusses  the  circuit  and  system 
requirements  that  lead  to  the  use  of  the  low  induc¬ 
tance  stripline  geometry  and  discusses  the  experi¬ 
mental  program  to  evaluate  several  core  material. 
Insulation,  and  fabrication  process  combinations.  In 
addition,  the  partition  of  the  observed  energy  loss 
into  eddy  current,  other  viscous,  and  hysteresis  loss 
components  is  discussed. 

Design  Requirements  for  Stripline  Magnetic  Modulators 

Magnetic  modulators  are  used  to  tine  compress  a 
low  pcwer,  long  duration  pulse  into  a  high-power, 
short-duration  pulse.  In  a  resonant  transfer  of 
energy,  the  total  mesh  inductance  Lj  is  related  to 
the  energy  to  be  transferred  Ey  in  tine  T  at 
voltage  V0  by 


L 


T 


(i) 


However,  in  an  impedance  transfer  between  transmission 
line  sections  to  generate  a  transit  time  square  pulse, 
only  the  risetine  Tr  is  dependent  on  the  total  circuit 
inductance  Lt  and  independent  of  the  voltage  or  energy 
and  is  given  by 
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where  Zj  and  Z0  are  the  input  and  the  output  trans¬ 
mission  line  impedances,  respectively.  Thus  low  total 
inductance  is  required  to  generate  a  small  risetine  in 
a  low  impedance  load  assuming  the  switching  tine  is 
much  less  than  the  desired  risetine.  The  total  induc¬ 
tance  is  comprised  mainly  of  the  saturated  switch 
inductance,  which  is  given  by 
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usat 

s 

saturated  permeabil ity  , 

l,o 

■ 

permeability  of  free  space. 

«T 

M 

number  of  conductor  turns  . 

at 

a 

the  total  core  cross  section. 

<ct> 

a 

the  average  core  length. 

*Sdt 

= 

saturation  time,  and 

_B 

magnetic  flux  swing  (Bs  ♦  Br) 

The  shortest  core  or  nininun  value  of  <l>  for  the  induc¬ 
tance  required  in  Eq.  (3)  occurs  when  Nj  *  1 .  For 
low  values  of  Ly  at  large  voltages  and  saturation 
tines  on  the  order  of  100  ns,<l>ean  become  large 
and  physically  can  he  satisfied  in  the  two  geometries 
shown  in  Fig.  1.  Thus,  the  following  consideration; 
also  Influence  the  stripline  geometry  used. 


1.  system  volume  constraints 

2.  load  geometry  and  coupling  inductance 
constraints 

3.  capacitance,  Inductance,  current  density,  or 
resistance  reduction 


MULTIPLE  CORES 


MULTIPLE  CORES 


Fig.  lb.  Low  inductance  coaxial  saturable  inductor. 
Circuit  Development  for  Fast  Electric  Discharge  Lasers 

The  final  stage  circuit  design  for  a  magnetically 
switched  laser  driver  Is  shown  in  Fig.  2a.  Simula¬ 
tion  of  this  circuit  Indicated  an  unacceptable  energy 
loss  to  the  Inductance  in  parallel  with  the  laser. 
Another  solution  to  this  problem  is  illustrated  in 
Fig.  2b,  where  a  transmission  line  with  a  two  way 
transit  time  equal  to  the  switch  saturation  time  is 
placed  between  the  output  switch  and  the  open  laser 
load.  Thus  the  energy  leaking  through  the  switch  is 
stored  in  the  transmission  line,  which  also  serves  as 
a  load  to  saturate  the  output  switch.  This  arrange¬ 
ment  is  much  more  desirable  if  the  laser  breaks  down 
instantaneously  as  the  pulse  doubles  at  the  open  cir¬ 
cuit  laser  load.  If  the  laser  has  a  delay  in  break¬ 
down  or  if  a  still  lower  impedance  is  required  in  the 
early  phases  of  laser  breakdown,  the  laser  can  he 
located  at  some  point  in  between  the  output  switch 
and  the  open  circuit  end  of  the  transmission  (Fig. 

2  c). 

The  development  program  addressed  in  this  paper 
will  evaluate  the  core  material  and  fabrication/ 
insulation  techniques  listed  in  Table  I.  The 
specific  points  of  interest  include  evaluating  the 
difference  between  annealed  and  unannealed  core 
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TABLE  I 

PARAMETERS  OF  TEST  CORE  SETS 


Core 

Magnetic 

Thickness 

Width 

<l> 

Insulation 

Set 

Material 

(urn) 

(cm) 

(n) 

Annealed 

System 

1 

2605  SC 

30 

1.25 

1.5 

No 

Kapton 

2 

50-50  NIFe 

25 

2.5 

2.5 

Yes 

6  coats  MgO 

3 

2605  Co 

25 

2.5 

2.5 

Yes 

6  coats  MgO 

4 

2605  Co 

25 

2.5 

2.5 

Yes 

3  coats  MgO 

1/3  nil  Kapton 

PULSE  FORMING  MAGNETIC 
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Fig.  3.  Magnetic  switch  test  circuit. 


v/as  constructed  and  1  nstrumented  to  accurately  oeas- 
ure  core  switching  and  energy  losses  as  well  as  to 
develop  a  magnetically  switched  laser  driver  for  the 
Applied  Photochemistry  Division  at  Los  Alanos.  The 
Initial  tests  were  conducted  using  a  single  pulse 
system  and  varying  the  switch  saturation  tine  by 
changing  the  series  Inductor  of  Fig.  3  and  the 
initial  voltage  on  the  thyratron  modulator-charged 
capacitor  bank. 

Experimental  Procedure 

The  single-pulse  energy  loss  was  measured  through 
the  voltage  and  current  waveforms  and  determined  by 


PULSE 
FORMING 
LINE  - 


*1 


LASER 


TRANSMISSION 

LINE 


Fig.  2c.  Intermediate  location  for  breakdown  delay 
or  lower  initial  Impedance. 


systeos  with  respect  to  losses  and  switching,  evalu¬ 
ating  the  difference  between  fllo  Insulated  and  coat¬ 
ing  Insulated  naterlals  and  the  accurate  measurement 
of  core  loss  to  be  partitioned  Into  eddy  current, 
other  viscous  and  hysteresis  categories  for  direction 
in  material  choice  or  future  development. 


El  »  J  Tsat  Vs(t)  Is(t)  dt  .  (4) 

o 


where 

Vs(t)  *  voltage  across  the  magnetic  switch 
Is(t)  *  current  through  the  switch,  and 
El  *  the  total  energy  loss  due  to  eddy  cur¬ 
rents,  other  viscous  processes  including 
spin  relaxation  damping,  and  hysteresis. 

The  voltage  current  and  energy  loss  data  were  also 
calculated  numerically  in  a  circuit  simulation  cou¬ 
pled  with  a  simulation  of  the  magnetic  field  diffu¬ 
sion  Into  the  core  laminations.  An  analytical  repre¬ 
sentation  for  the  local  relationship  of  the  magnetic 
flux  density  and  the  local  permeability  to  the  diffu¬ 
sing  magnetic  field  were  used  to  include  the  effect 
of  material  parameters.  The  material  parameters  In¬ 
clude  coercive  force  He,  the  material  remanent  and 
saturation  magnetic  flux  densities  Br  and  Bs,  and 
a  viscous  loss  factor  (VLF)  defined  by 


Test  System  Description 

An  experimental  facility  consisting  of  a  water- 
fllled  tank  with  plexiglas  sides  with  the  1-o-wlde, 
double-sided,  1-0,  strlpllne  test  circuit  of  Fig.  3 


VLF  •  q  .  (5) 

where  E*  1*  the  remaining  viscous  energy  loss  and 
Ee  t*»  eddy  current  energy  loss.  The  voltage  drop 
due  to  stray  (nonferromagnetic)  inductance  can  be 
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subtracted  from  the  experimental  data  or  Included  in 
the  calculated  voltages,  which  are  compared  to  the 
experimental  values- 

The  computer  simulation  parameters  were  varied  to 
obtain  agreement  with  the  observed  waveforms .  Vari¬ 
ation  of  the  hysteresis  parameter  (He)  has  a  differ¬ 
ent  effect  on  the  simulated  waveforms  than  does  vary¬ 
ing  the  effective  material  reslstlvely,  and  thus  the 
hysteresis  loss  can  be  separated  from  the  eddy  cur¬ 
rent  and  similar  viscous  losses.  The  simulated  eddy 
current  loss  is  assumed  to  be  accurate,  and  then  the 
remaining  energy  loss  is  attributed  to  viscous 
factors. 


Energy  Loss  Partition 

Magnetic  domain  velocity  measurements  have  shown 
that  daoain  wall  movement  is  resisted  by  a  force 
proportional  to  the  wall  velocity  or  viscous  damp¬ 
ing.  In  addition,  effects  due  to  inclusions  and 
irregularities  in  the  material  are  taken  into  account 
by  reducing  the  drive  magnetic  field  H  by  an  amount 
Hg  roughly  equal  to  the  coercive  force.'  The 
viscous  damping  parameter,  S,  consisting  of  the 
eddy  current  contribution,  8j,  and  the  relaxation 
component,  dp,  is  usually  determined  from  the 
wall  velocity,  *,  given  by S 


3 


2Bs(H-Hq) 


(6) 


The  eddy  current  contribution  Is  usually  defined  by 


which  decreases  with  material  thickness  d. 

The  relaxation  contribution  to  Sr  can  be 
defined  as 

3R  *  /2®s 


'.die  re 

j  *  Gilbert  damping  constant, 

Y  ■  gyronagnotic  ratio, 

K  *  anisotropy  energy, 

A  «  exchange  stiffness  constant,  and 

Bs  *  saturation  flux  density. 


If  the  parameters  that  determine  3e  and  Eg 
are  relatively  independent  of  frequency  (slowly  vary¬ 
ing)  in  the  range  of  Interest,  the  contribution  of 
should  diminish  as  the  material  thickness  is 
reduced.  In  addition,  the  values  for  8p  in  amor¬ 
phous  materials  are  extremely  low;  therefore,  the 
spin  relaxation  damping  should  he  small.  In  NIFe 


materials,  the  spin  relaxation  damping  is  much  less 
than  edtjy  current  effects  until  the  thickness  is 
reduced  to  1/4  rail  (.001  1n.).3  The  ratio  of 
3g  to  8g  can  be  equated  to  VLF,  which  can  be 
determined  froo  a  computer  fit  of  experimental 
waveforms  assuming  the  calculated  value  of  the  eddy 
current  energy  loss  Is  relatively  correct.  The 
relative  importance  of  hysteresis  loss  can  also  be 
determi ned. 

Preliminary  Results 

A  1-0  stripline  magnetic  modulator  output  stage 
has  been  tested  that  delivers  a  minimum  of  125  J  at  a 
peak  power  greater  than  2.5  GW  in  a  50-ns  pulse  Into 
a  matched  dunay  load  using  core  set  No.  1.  The 
effect  of  magnetic  material  losses  produces  a  pulse 
base  broadened  to  about  400  ns  with  a  switched 
risetime  of  40  ns  when  the  magnetic  switch  Is  satur¬ 
ated  In  100  ns.  A  much  more  plausible  design  Is  a 
system  in  which  the  output  switch  is  saturated  in 
more  than  300  ns  to  reduce  losses.  Three  core 
materials  and  two  core  insulation  techniques  have 
been  evaluated  at  saturation  times  between  100  and 
300  ns.  A  NIFe  core  exhibited  such  large  losses  that 
it  has  not  been  considered  further.  An  annealed 
Metglas  2605  Co  core  with  Kapton  insulation  remains 
to  be  evaluated. 

Computer  simulations  of  the  magnetic  switching  or 
saturation  process,  (Including  the  effect  of  material 
resistivity,  material  B-H  characteristics,  and  the 
test  circuit)  have  been  used  to  partition  the  obser¬ 
ved  energy  loss  into  eddy  curent  loss,  other  viscous 
loss  including  spin  relaxation  damping,  and  hystere¬ 
sis  loss.  The  computer  simulation  results  were 
matched  to  the  experimental  waveforms  by  adjusting 
the  B-H  curve  width  (Hr),  the  values  for  the  effec¬ 
tive  material  resistivity  ,  and  the  values  for  the 
material  saturation  and  remnant  flux  densities  (Bs 
and  Br).  The  values  of  energy  loss  for  the  core 
sets  evaluated  are  shown  in  Table  II. 

The  NIFe  core  is  not  included  because  of  high  losses, 
and  the  Kapton  insulated  annealed  core  set  No.  4  has 
not  been  delivered  by  the  manufacturer.  The  ratio  of 
3r/Bc,  determined  from  a  computer  simulation 
match  to  experinental  data,  can  be  used  to  calculate 
a  Gilbert  damping  parameter,  a  using  a  calculated 
value  of  Bg  and  Eqs.  (7)  and  (8).  Values  of  a, 
usually  determined  with  a  ferromagnetic  resonance 
technique,  are  on  the  order  of  0.02  gm/enr-s  for 
Metallic  glasses.  However  the  values  determined  from 
the  simulation  matches  are  much  larger  as  shown  in 
Table  II.  The  value  of  i  for  core  set  No.  1  is  on 
the  same  order  of  magnitude  as  those  observed  in  wire 
saturation  velocity  measurements  0.1  <  a  <  0.5.  The 
large  ratio  of  3r  to  3r  for  core  set  No.  3  could 
indicate  that  the  netyTate  coat  core  insulation  has 
failed  and  that  most  of  the  viscous  loss  is  due  to 
enhanced  eddy  currents.  Evaluating  core  set  No.  4 
with  Kapton  Insulation  will  help  verify  this 
observation. 


Core  0 1 
Set  (gm/ceff-s) 

3  4.0 

1  3.8 


TABLE  II 

PRELIMINARY  CORE  EVALUATION  DATA 


3.8 


?.f 


1.4 


4 


6 


Another  important  observation  from  cores  tested 
to  date  is  that  hysteresis  energy  loss  is  low  com¬ 
pared  to  the  viscous  loss.  In  addition,  because 
if  is  proportioned  to  the  material  thickness  d, 
additional  reduction  of  energy  loss  can  be  obtained 
by  reducing  the  material  thickness  until  3p  >  » 
or  3r/3£  >  >  1.  Because  3^  is  proportional  to 
the  material  thickness  d.  With  the  available  material 
thicknesses,  only  changing  material  parameters  can 
reduce  the  viscous  losses  appreciably. 

Stripline  magnetic  modulators  using  long  core 
lengths  can  be  developed  to  drive  low  impedance  loads 
(o-i  a)  with  risetimes  limited  by  magnetic  satur¬ 
ation  losses  to  about  SO  ns  when  saturated  in  less 
than  300  ns.  The  observed  core  losses  can  be  parti¬ 
tioned  using  computer  simulation  of  the  magnetic 
saturation  processes.  The  partitioned  loss  infor¬ 
mation  can  then  be  used  to  determine  the  material 
thickness  that  minimizes  the  eddy  current  loss  con¬ 
tribution  to  the  total  viscous  loss.  Further 
reducing  the  total  energy  loss  further  requires 
changing  material  parameters. 
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Summary  A  more  promising  approach  appears  co  be  a  magnetic 

— ~  pulse  compression  system.  Since  magnetic  switching 


Recent  applications  of  low-impedance  discharge 
lasers  in  communication,  isotope  separation,  etc.,  re¬ 
quire  a  pulse  power  driver  capable  of  operating 
reliably,  as  well  as  efficiently,  for  10  to  10’ 
shots  at  repetition  rates  of  100  to  1000  Hz. 

A  promising  approach  for  meeting  these  require¬ 
ments  is  aagneclc-pulse-compression  technology.  In 
chls  paper,  we  discuss  the  design  of  a  30  kV, 
150  J/pulse,  0.5  ohm  magnetic  modulator  for  a  mercury- 
bromide  discharge  laser.  The  modulator  is  basically  a 
two-stage  series-switching  device  whose  output  pulse 
shaping  is  obtained  by  using  a  2-section  type  A  or  a 
6-section  line-simulating  network.  Switching  Inductor 
cores  are  constructed  of  MetglasA  (Trademark  Allied 
Corp.)  ribbons  with  Mylar  insulation. 

Output  pulses  with  risetimes  of  less  than  40  ns 
(10-90Z)  and  nominal  pulse  lengths  of  120  ns  are 
observed.  Overall  system  efficiency  is  found  to  be 
approximately  75Z. 

Introduction 

The  idea  of  using  saturating  reactors  as 
discharge  devices  for  pulse  generators  was  discussed 
by  Melville1  in  .951.  Since  then,  applications  have 
been  largely  limited  to  radar  modulators.  Recently, 
new  system  requirements  not  easily  met  by  using 
conventional  switching  techniques  (such  as  ignitrons, 
thyratrons,  and  spark  gaps),  along  with  the 
availability  of  more  suitable  magnetic  materials,  have 
rekindled  Interest  In  magnetic-pulse-compresslon 
techniques.  BirxJ,  Nunally  3,  and  VanDevender"  have 
discussed  applications  ranging  from  high  rep-rate 
trigger  systems  to  single-shot  super-power  generators. 

The  work  we  are  reporting  is  motivated  by  the 
need  for  a  pulse  power  driver  with: 

e  Long  life  (10n  shots) 
e  High  efficiency,  ('70Z) 
e  Moderate  rep-rate  (100  Hz) 
e  Low  Impedance  (0.5  ohm) 
e  Fast  rlsedme  (<40  ns) 

•  High  voltage  (50-70  kV) 

for  a  mercury-bromide  laser  which  will  ultimately  be 
spece-based.  The  driver  presently  in  use  employs  an 
electrically  triggered  rail-switch  for  low  inductance 
switching.  To  extend  present  rail-switch  technology, 
chough,  co  meet  the  rep-rate  and  life  requirements  of 
the  space-based  system  constitutes  a  significant  if 
not  impractical  switch-development  effort.  It  is 
conceivable  that  thyratrons  may  meet  the  life 
requirement  of  10* 0  shots,  but  it  is  unlikely  that  a 
single  thyratron  would  allow  a  sufficiently  fast 
discharge  for  satisfactory  long-life  laser 
performance.  However,  the  possibility  of  using 
parallel  thyratrons  is  currently  being  pursued  at 
Mathematical  Sciences  Northwest.  ' 


•  Work  is  supported  by  subcontract  from  Mathematical 
Sciences  Northwest,  Inc.,  NRC0  Contract  No. 
N001 2 3-8 l -C-09 39. 


action  does  not  require  the  formation  of  a  conduction 
plasma,  it  does  not  have  the  life  limitation  normally 
associated  with  electrode  erosion  or  cathode 
depletion,  as  in  gaseous  devices.  The  required 
starting  switch  in  a  magnetic-pulse  compression  system 
can  be  a  single  thyratron  or  a  solid-state  device, 
depending  on  trade-offs  between  cost  and  operating 
lifetimes. 

To  verify  the  compatibility  of  t  s  magnetic 
switching  modulator  and  the  mercury-bromide  laser,  a 
system  with  the  following  performance  parameters  was 
constructed : 

e  Efficiency:  =752 
e  Impedance:  0.5  ohm 

e  Output  pulse  risetime  (10-90Z):  40  ns 

e  Nominal  output  pulse  length:  120  ns 
e  Output  pulse  energy:  150-300  J 
e  Rep-rate:  0.1  Hz. 

The  Modulator 

The  modulator  is  a  two-stage,  series-switching, 
magnetic-pulse-compresslon  device.  Figures  1  and  2 
show  a  block  diagram  and  a  simplified  schematic 
diagram  of  the  modulator.  It  consists  of  three  sets  of 
energy  scorage  capacitors:  the  primary  energy  storage 
capacitor  C  ,  the  Intermediate  energy  storage 
capacitor  C, ,  and  the  pulse-forming  network  (PFN). 
The  three  sets  of  capacitors  are  chosen  to  have  the 
same  nominal  capacitance  to  maximize  energy  transfer 
efficiency  between  stages. 


Figure  1.  Block  diagram  of  magnetic  switching  modulator 


L  Sj  S, 


Figure  2.  Simplified  schematic  diagram 

of  magnetic  switching  modulator 
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The  primary  energy  storage  capacitor,  consisting 
of  ten  12  nF  capacitors  In  parallel,  Is  dc  charged 
from  the  high  voltage  power  supply.  C.,  consisting 
also  of  ten  12  nF  capacitors  In  parallel.  Is 
resonantly  charged  by  C[  when  che  start  switch  S( 
receives  a  command  pulse  from  che  crlgger  generator - 
The  magnetic  swlcch  S,  Is  designed  to  remain 
unsaturated  while  C.  Is  'resonantly  charged,  and  to 
saturate  whan  C.  reaches  the  desired  voltage.  The 
saturation  of  S,  allows  che  energy  stored  In  C2  to 
discharge  lnco  the  PFN.  Similarly,  che  saturation  of 
the  output  switch  S3  provides  a  rectangular  pulse  to 
the  matched  load . 

L  Is  a  saturating  reactor  normally  biased  In  the 
forward  direction.  It  Is  saturated  for  energy 
transfer  from  to  C  2.  Its  function  is  to  minimize 
che  surging  back  of  energy  from  C,  to  C  . 

Control  of  the  “volt-seconds"  of  S2  and  S  3  is 
achieved  by  bias  current  pulses  through  auxiliary 
windings.  The  exact  bias  is  determined  by  the 
relative  delay  of  che  start  of  the  reset/bias  current 
pulse  and  the  triggering  of  swlcch  St .  The  amount  of 
bias  required  depends  on  che  operating  voltage  of  che 
modulator.  The  capability  to  vary  the  individual 
swlcch  bias  Independently  allows  near-opcimum 
operation  of  the  modulator  over  a  wide  range  of 
operating  voltages  (50  to  70  kV).  This  Important  and 
unique  feature  aids  In  the  optimization  of  overall 
laser  performance. 

The  geometry  of  che  modulator  is  chat  of  a 
trl-plate  transmission  line.  The  capacitors  are 
arranged  symmetrically  on  both  sides  of  the  high 
voltage  bus  plate.  Current-return  bus  plates  are 
arranged  to  minimize  system  Inductance  and  to  form  a 
supporting  structure  as  well  as  an  EMI  enclosure  for 
the  modulator.  A  cross  section  drawing  of  the 
modulator  layout  Is  shown  in  Figure  3,  and  a 
hotograph  In  Figure  4. 

Circuit  Components 

Capacitors  C, ,  C, 


Figure  4.  Photograph  of  magnetic  modulator 


technique  .  Based  on  these  measurements,  che  energy 
dissipated  In  C,  is  expected  to  be  less  than  0.52,  and 
in  C2  less  than  22  of  the  initial  stored  energy  In  C  . 

Spark  Cap  S , 

A  spark  gap  is  chosen  as  che  start  swlcch  for  the 
present  low  rep-rate  system  as  a  matter  of 
convenience.  The  spark  gap  Is  a  conventional, 
three-electrode,  LOO  kV  Maxwell  switch  (Model  Number 
40144).  Triggering  Is  achieved  with  a  nominal  8.5  ns 
risetime,  50  kV  trigger  pulse-  Jitter  associated  with 
Che  closure  of  S,  Is  less  than  2  ns. 

For  the  100  Hz,  space-wochy  syscem,  the  spark 
gap  is  expected  to  be  replaced  by  one  or  more  high 
voltage  SCR  stacks,  voltage  step-up  transformers  and 
additional  pulse  compression  stages. 


To  achieve  che  high  efficiency  desired.  It  Is 
Important  to  minimize  the  dissipation  In  every 
component.  To  this  end,  capacitors  C  and  C  are  of 
all  polypropylene  dielectric,  extended  foil 
construction.  The  individual  capacitor  has  seven 
series  sections  to  achieve  che  70  kV  voltage  rating 
and  each  section  has  three  parallel  pads  to  achieve 
the  desired  capacitance.  To  minimize  eddy-current 
losses  In  che  capacitor  windings,  the  number  of  curns 
per  winding  Is  minimized. 

The  equivalent  series  resistance  (ESR)  of  each 
12  nF  capacitor  Is  estimated  to  be  less  chan  0.2  ohm, 
as  determined  by  che  differential  measurement 


Magnetic  Switches  S, ,  S j 

The  switching  Inductor  cores  are  1-meter-long 
“race-tracks as  shown  In  Figure  5.  These  cores  are 
tape-wound  cores  constructed  of  1650  layers  of  1  mil 
(25.4  urn)  thick,  2  Inch  (5.1  cm)  wide  Metglas  2605  SC 
ribbons.  Owing  to  the  high  voltage  stress  up  to  300  V 
per  turn  during  the  saturation  process  between  Necglas 
turns,  0.24  mil  (6  urn)  chick  Mylar  Is  used.  Instead  of 
conventional  oxide, as  Insulation  between  the  Metglas 
ribbons.  The  width  of  the  mylar  ribbon  Is  2.1  In. 


OUTPUT  CURRENT 


CURRENT 

TRANSFORMER 


Figure  3.  Physical  layout  of  magnetic  modulacor 
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Figure  5.  The  1-meter-long  switch  inductor  core 


(5.4  cm,)  resulting  in  a  63  mil  (1.6  mm)  overhang  on 
each  side  ot  the  Mecglas  winding. 

The  Mecglas  and  Mylar  tapes  are  wound  on  a 
1-mecer-loag  aluminum  mandrel  which  remains  an 
integral  part  of  the  switching  inductor  core.  Size, 
geometry  of  the  cores,  and  the  .physical 
characteristics  of  the  Metglas  ribbons  made  winding  of 
the  cores  nontrivial.  Successful  core  winding  was 
accomplished  on  a  special  winding  nachine,  designed 
and  built  at  Maxwell  (patent  pending)  specifically  tor 
non-coroidal  cere  manufacturing .  The  winding  machine 
keeps  Che  mandrel  stationary  in  the  vertical  pLane.  a 
revolving  platen  winds  the  Metglas  and  Che  Mylar 
simultaneously  onto  the  mandrel  at  constant  speed , 
Cape  tension,  rnd  pressure. 

Both  S„  and  S  have  magnetic  cross-section*  areas 
of  approximately'  40  cd:  and  volumes  ot  0.01  m3. 
Switch  S-  has  a  five-turn  winding,  whereas  S3  has  a 
one-turn  winding.  The  reset/bias  is  provided  by 
additional  one-turn  windings  around  the  ends  ot  the 
cores  for  both  5,  and  S,. 


The  Pulse-Forming 


Figure  7.  Sasic  reset  circuit  for  resecting 
saturating  inductor  cores 

Firing  of  the  SCR  results  in  a  reset  current  pulse  of 
approximately  350  A  to  the  reset  winding.  The  reset 
current  risetime  is  approximately  100  _s.  Due  to  the 
presence  ot  the  diode,  the  current  decay  time  is 
considerably  longer.  The  spark  gap  is  normally 
triggered  during  the  decay  of  the  reset  current  pulse. 

Circuit  Performance 

The  modulator  has  been  operated  with  charging 
voltages  ranging  from  50  kV  to  70  kV.  System 
performance  (efficiency  and  output  pulse  shape)  is 
optimized  by  adjusting  the  current  in  the  bias 
windings  of  each  saturating  Inductor.  Overall  system 
efficiency  (defined  as  the  ratio  of  the  output  pulse 
energy  to  the  energy  stored  initially  in  C{)  varies 
from  702  to  77%  as  the  charging  voltage  varies  from  50 
kV  to  70  kV. 

Figure  8  shows  a  typical  set  of  circuit  current 
waveforms  correspond  ing  to  a  charging  voltage  of  60 
kV.  The  peak  dl/dt  in  the  start  switch  Sj  is 
approximately  1.2  x  101’5  A/s,  whereas  that  in  the 
output  switch  S3  is  1.9  x  101:  A/ s .  Output  waveforms 
into  a  matched  resistive  load  are  9hown  in  figures  9 
and  10. 


Two  PFNs  were  designed  and  constructed: 

e  A  two  section  type-A  network 

•  A  six-section  line-simulating  network. 

Both  are  nominally  0.5  ohm  and  deliver  120  ns  pulses 
Into  a  matched  load.  The  two  networks  are  shown 
schematically  in  Figure  6.  The  line-simulating 
network  has  more  sections  and  therefore,  in  principle, 
delivers  flatter  and  faster-rls Ing  pulses.  On  the 
other  hand,  t\e  variable  inductor  (see  Figure  6a)  in 
the  two-section  type-A  network  can  be  more  easily 
adjusted  to  change  the  slope  of  the  output  pulse. 
Since  the  laser  load  is  a  non-linear,  time-varying 
load,  the  type-A  network  may  provide  a  better  match 
for  the  load  because  of  this  adjustment  feature. 
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The  Reset  Circuit 


TIME  (m«) 


The  basic  reset  circuit  ie  shown  in  Figure  7. 
The  100  <jF  cspecitor  is  nominally  charged  to  300  V. 


Figure  8.  Magnetic  modulator  circuit  currents  at 
60  kV  charging  voltage 


2-SECTION  TYPE-A  PFN  6-SECTION  LINE-SIMULATING  PFN 


Figur.  6.  (A)  Tvo-aactlon  typa-A  (B)  Six-aaction  ltna  simulating  PFN 
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Figure  9.  Output  voltage  and 

current  waveforms  with 
line-simulating  PFN. 
Top  trace,  voltage 
10  kV/div.  Bottom 
trace,  current  16  kA / 
div,  time  50  ns/div 


Figure  10.  Output  voltage  and 

current  waveforms  with 
Type-A  PFN.  Top 
trace,  voltage  10  kV/ 
div.  Bottom  trace, 
current  19.2  kA/div, 
time  100  ns/div 


Figure  11.  Output  waveforms  from 
five  consecutive  shots 
at  60  kV  charging 
voltage.  Top  trace, 
voltage  10  kV/div. 
Bottom  trace,  current 
16  kA/  div.  Time 
20  ns/div  for  both. 


By  integrating  the  power  going  into  and  out  of 
each  component,  one  can  determine  energy  dissipated  in 
various  parts  of  the  system.  Dissipation  in  S2  and  S3 
are  observed  to  be  approximately  2. 32  and  9.62, 
respectively.  Also,  due  to  the  high  charging  and 
discharging  currents,  the  dissipation  in  the  PFN  is 
about  52.  Approximately  82  of  the  initial  stored 
energy  is  lost  in  C ,  ,  C2,  St  ,  the  buswork,  and  the 
reset  circuit. 

Figure  11  shows  the  overlay  of  the  output  voltage 
and  current  waveforms  for  five  consecutive  shots - 
Total  jitter  of  the  modulator  output  pulses  is 
estimated  from  these  waveforms  to  be  less  than  3  ns. 

Discussion 

As  seen  in  Figure  9,  10,  and  11,  che  prepulse 
associated  with  the  output  volcage  pulse  is  typically 
102  chat  of  the  charging  voltage  in  amplitude,  when 
the  modulator  is  operated  into  a  matched  load.  The 
prepulse  occurs  because  Che  current  required  to 
saturate  che  output  switch  S;  flows  through  Che  load 
in  che  circuit  as  in  Figure  2.  Since  che  prepulse  is 
a  slower-  varying  signal  than  the  main  pulse,  the 
prepulse  amplitude  can  be  reduced  by  having  a  shunting 
Inductor  in  parallel  with  the  load. 

The  need  for  an  alternate  shunting  path  for  the 
output  switch  saturation  current  becomes  more  severe 
when  che  magnetic  modulator  operates  into  a  discharge 
laser,  because  the  laser  has  a  high  initial  Impedance 
prior  to  the  formation  of  a  stable  discharge. 
However,  the  performance  of  a  simple  shundng  Inductor 
as  a  low  impedance  prepulse  current  path  is 
inadequate.  This  is  because  a  low  prepulse  amplitude 
and  a  fast-rising  output  pulse  would  require  an 
Inductor  value  so  low  that  the  efficiency  of  che 
modulator  becomes  unacceptably  low.  To  alleviate  this 
problem,  a  transmission  line  with  characteristics 
similar  to  the  six-section  line-simulating  PFN  can  be 
inserted  between  the  output  switch  and  the  laser 
discharge  cavity  (see  Figure  12).  The  series 
transmission  line  acts  as  a  large  shunting  capacitor 
holding  che  prepulse  amplitude  to  an  acceptable  level 
during  the  discharge  of  into  the  PFN,  Including 
even  che  case  when  the  modulator  operates  into  an 
open  circuit  load. 

Another  solution  to  tr.  t  prepulse  problem  is  to 
connect  a  transmission  line  in  parallel  with  the  laser 
load,  as  shown  in  Figure  13.  With  its  unattached  end 
horted,  the  transmission  line  will  behave  as  a 
unting  Inductor  during  the  prepulse  and  a  constant 
.pedancc  during  che  main  pulse.  Using  a  5  ohm,  60  ns 
shunting  transmission  line,  this  approach  has  resulted 
in  prepulses  with  amplitudes  less  than  202  of  the 


charging  voltage  when  the  modulator  operates  into  an 
open-circuit  load  and  102  of  the  charging  voltage  when 
operating  into  a  matched  load.  Because  of  the 
relatively  high  shunting  path  Impedance,  the  output 
switch  Impedance  collapse  time  is  long,  resulting  in  a 
slow  open  circuit  voltage  risetime  (about  30  ns).  To 
improve  the  "turn-on"  time  of  the  output  switch  S  ,  a 
shunting  capacitor  of  about  20  nF  capacitance  would  be 
helpful . 

Both  the  series  transmission  line  and  shunting 
transmission  line  schemes  can  be  Implemented 
simultaneously  to  yield  a  lower  prepulse.  In  general, 
there  is  a  trade-off  between  the  prepulse  amplitude 
and  the  system  efficiency;  and  che  design  Is  often 
dictated  by  che  maximum  acceptable  prepulse 
amplitudes . 


Figure  12.  Series  transmission  line  scheme  to  limit 
pre-pulse  amplitude 


Figure  13.  Shunting  transmission  line  scheme  to  limit 
pre-pulse  amplitude 

Conclusion 

A  0.5  ohm  output  impedai.v.,  two  stage,  magnetic 
modulator  chat  meets  all  its  design  goals  has  been 
constructed.  By  varying  che  bias  of  each  set  of 
switching  cores  Independently,  the  modulator  can  be 
operated  efficiently  over  the  50  to  70  kV  range  of 
charging  voltages.  Although  prepulse  amplitudes  can 
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be  large  when  Che  modulator  is  operated  Into  discharge  2. 
laser  loads,  they  can  be  reduced  to  acceptable  levels 
by  using  either  a  matching,  series  transmission  line 
between  the  modulator  and  the  load  on  high- impedance 
shunting  transmission  line  in  parallel  wich  the  load. 

In  general,  the  satisfactory  performance  of  the 
magnetic  switches  makes  chem  desirable  replacements 
for  conventional  switches  (such  as  rail  gaps,  3, 
thyratrons)  in  fast  pulsars.  Their  relative  high 
efficiency  and  complete  freedom  from  conventional 
plasma/eleccrode  erosion  and  depletion  effects  make 
chem  prime  candidates  in  long-life  rep-rated  systems. 
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Sunmarv 

In  fast  risetime  circuits,  10  ns  or  less,  the  cur¬ 
rent  risetime  of  low  pressure  switches,  such  as  thyra- 
trons,  is  limited  by  the  rate  of  fall  of  anode  poten¬ 
tial.  This  can  cause  high  resistive  switch  losses 
during  connutatlon.  A  series  magnetic  switch  Intro¬ 
duced  in  the  circuit  Initially  acts  as  a  high  Impedance 
limiting  the  current  flow  and  then  dependent  upon  the 
saturation  magnetization,  mean  cross-sectional  area, 
and  the  applied  voltage  switches  at  a  predetermined 
time  to  a  low  Impedance.  This  enables  the  voltage 
across  the  thyratron  to  fall  to  a  low  value  before 
substantial  current  flows  and  permits  faster  current 
rlsetlmes.  In  addition,  since  the  connutatlon  dissipa¬ 
tion  Is  substantially  reduced,  the  anode-grid  gas  den¬ 
sity,  which  controls  the  rate  of  Ion  generation.  Is 
maintained.  Experiments  have  demonstrated  the  Inclu¬ 
sion  of  a  ferrite  magnetic  switch  In  a  line-type  thyra¬ 
tron  modulator  can  materially  assist  In  achieving  a 
fast  current  risetime.  Rlsetlmes  of  <  3  ns  have  been 
achieved  using  connmrcial  triode  and  tetrode  thyratrons 
and  readily  available  ferrite  material.  The  technique 
was  also  applied  to  a  Blumlein  pulser.  In  addition  to 
a  magnetic  assist  In  series  with  the  thyratron,  It  was 
necessary  to  use  a  magnetic  sharpening  switch  In  series 
with  the  load  to  achieve  fast  rlsetlmes  and  good  pulse 
shapes.  At  20  kV  output,  a  risetime  of  4  ns  and  a 
falltime  of  5  ns  were  achieved  with  essentially  a  flat 
top. 

Introduction 

Many  applications  for  millimeter  wave,  laser,  and 
accelerator  systems  require  fast  current  risetime,  high 
repetition  rates,  high  voltage  pulses.  Available 
switches  for  use  In  capacitor  energy  storage  applica¬ 
tions  do  not  have  the  combination  of  characteristics 
required  for  these  pulsers.  The  most  versatile  and 
reliable  switch  for  these  applications  Is  the  triggered 
hydrogen  or  deuterium  filled  thyratron.  The  thyratron, 
ho**ver.  Is  limited  In  Its  ability  to  meet  the  current 
rlsetlme,  high  repetition  rate,  and  voltage  hold-off 
capability  simultaneously.  Improvements  In  the  thyra¬ 
tron  are  under  development  which  will  aid,  but  are 
unlikely  to  fully  achieve  these  objectives.  An 
approach  to  achieve  the  objectives  Is  to  use  a  hybrid 
system  consisting  of  the  thyratron  and  magnetic 
swl tches . 

Background 

A  short  discussion  of  the  commutation  process  In  a 
hydrogen  thyratron  Is  necessary  to  appreciate  why  a 
magnetic  assist  to  delay  onset  of  the  main  current 
pulse  will  provide  fast  rlsetlmes.  This  discussion  Is 
based  on  the  study1 •*  performed  by  S.  T.  Martin  and 
S.  Goldberg,  ESAG,  under  a  United  States  Army  Signal 
Corps  contract.  The  hydrogen  thyratron  Is  a  positive 
grid  device.  The  triggering  is  Initiated  by  the  appli¬ 
cation  of  a  positive  grid  pulse  with  high  voltage  hold- 
off  obtained  by  operating  on  the  "left  side,"  or  low 
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pressure  regime,  of  the  paschen  curve.  After  break¬ 
down  of  the  grid-cathode  region  and  the  grid  current 
reaches  a  critical  value,  the  anode-grid  region  starts 
to  conduct  and  connutatlon  starts.  The  anode  voltage 
falls  rapidly  and  the  cathode  current  rises  at  a  rate 
determined  by  the  rate  of  fall  of  anode  potential  and 
the  circuit  inductance.  At  low  dl/dt,  experimental 
observations  made  on  a  4C35  hydrogen  thyratron  with  a 
reservoir  show  that  the  anode  potential  falls  exponen¬ 
tially  over  most  of  Its  range.  Is  relatively  Independ¬ 
ent  of  anode  voltage  over  a  wide  range  of  values,  and 
Is  strongly  affected  by  the  switch  pressure.  The 
instantaneous  anode  potential  over  several  time  con¬ 
stants  can  be  described  by: 

eb  a  epy  -  Ae  '  t/T*  0) 

where 

eb  *  Instantaneous  anode  potential, 

epy  *  peak  forward  voltage, 

Tg  *  anode  fall  time  constant,  and 

A  *  constant 

For  the  4C35  as  epy  varied  from  2  to  10  kV.  the 
time  constant  was  relatively  Insensitive  to  voltage 
and  dropped  from  5.1  ns  to  3.4  ns.  The  pressure 
sensitivity  was  large  with  the  anode  fall  time  constant 
varying  from  28  ns  at  26.7  pascals  to  2  ns  at  93.3 
pascals  hydrogen  (1  torr  *  133  pascals). 

Fast  rlsetlme  characteristics  can  be  obtained  by 
using  high  pressure,  however,  at  the  expense  of  recov¬ 
ery  time.  On  the  4C35  operated  at  100  A  and  1000  V 
the  recovery  time  constant  was  close  to  10  us  at  35.5 
pascals  and  increased  to  63  ys  at  102.6  pascals.  For 
high  repetitive  rate  operation,  this  becomes  a  severe 
limitation.  Therefore,  It  Is  necessary  to  compromise 
on  pressure  and  seek  circuit  techniques  to  achieve  fast 
rlsetlmes  and  high  repetitive  rates. 

The  measurements  described  above  refer  to  gas 
pressure.  Since  It  Is  actually  the  gas  density  which 
controls  the  rate  of  Ion  generation,  the  temperature 
of  the  grid-anode  region  will  affect  anode  fall  time. 
Thus,  techniques  that  reduce  anode  dissipation  will 
lead  to  faster  anode  fall  times  and  rates  of  rise  of 
current  since  the  gas  density  Is  maintained. 

Twenty-five  years  ago’,  at  ERADCOM  we  studied  a 
circuit  technique  to  reduce  anode  dissipation  in 
thyratrons.  The  commutation  dissipation  was  experi¬ 
mentally  determined  to  be  the  major  source  of  anode 
dissipation  and  is  described  by  expression: 

Pc  *  *Py  <b  Prr  (2) 

where  Pc  *  anode  dissipation,  1*  *  peak  current, 

Prr  *  pulse  repetition  rate,  and  Tc  *  circuit  rise- 
time.  This  implies  that  maintaining  a  high  pressure 
to  minimize  Ta  was  Important.  Since  maintaining  a 
high  pressure  was  often  not  consistent  with  obtain¬ 
ing  high  hold-off  voltages  and  fast  recovery  character¬ 
istics  for  some  operating  conditions,  another  approach 


37 

CHI78J-J/S2/0000-0037S00.75  5  1982  IEEE 


for  minimizing  anode  heating  would  be  to  increase  Tc. 
This  Is  not  consistent  with  rise  time  requiments  for 
narrow  pulses.  An  alternate  approach  is  to  delay  the 
initial  rise  of  current,  minimizing  i),,  until  the  fall 
of  anode  voltage  had  taken  place.  The  technique  inves¬ 
tigated  was  the  use  of  a  magnetic  assist1*  or  saturable 
reactor  in  series  with  the  hydrogen  thyratron. 

The  characteristics  of  a  magnetic  assist  are  a 
function  of  the  hysteresis  loop  for  the  material  used. 
Figure  1  depicts  a  major  loop  for  a  ferromagnetic 
material.  The  flux  density  in  gauss,  is  plotted  as  a 
function  of  the  magnetic  field,  H  in  oersteds.  When  a 
magnetic  field  is  applied  in  the  forward  direction,  B 
increases  in  a  somewhat  linear  fashion  and  then  satu¬ 
rates.  During  the  rising  portion  of  the  curve,  the 
permeability,  u  is  given  by  the  derivative  of  B  with 
respect  to  H.  During  this  interval  the  element  appears 
inductive  where  the  inductance  is  proportional  to  the 
permeability,  and  opposes  a  change  in  current.  In  the 
saturated  region  the  derivative  of  8  with  respect  to 
H  approaches  zero  and,  correspondingly,  the  inductive 
effect  of  the  material  vanishes.  The  same  analysis 
holds  when  the  applied  magnetic  field  is  reduced  and 
then  reversed  in  direction. 

Probably  the  most  straight  forward  and  simplest 
design  is  to  surround  a  current  carrying  conductor  with 
a  ferromagnetic  material.  A  straight  wire  assist  was 
used  for  this  study.  An  assist  of  this  design  is 
simple  to  construct  and  is  amenable  to  stacking  since 
cylindrical  sections  can  be  added  in  series.  The 
design  tends  to  reduce  stay  capacitance  and  minimizas 
lead  inductance.  For  this  design,  delay  is  given  by: 


AiB 


102e 


us, 


(3) 


py 


when  td  *  delay,  A  *  mean  cross-sectional  area  in  cm2, 
AB  »  total  change  in  flux  in  gauss,  and  ePy  *  anode 
forward  voltage.  The  magnitudes  of  the  setting  and 
resetting  magnetic  fields  determine  the  total  change  in 
flux  density,  AB.  The  magnetic  field,  H,  is  given  by: 

4irit 

H  »  -  oersteds,  (A) 

10L 


where  1b  •  conduction  current  in  amperes  and  1.  *  mean 
magnetic  length  in  cm.  Figure  2  depicts  the  current 
and  voltage  waveforms  of  a  line  type  modulator  opera¬ 
ting  with  and  without  a  magnetic  assist.  Figure  2(a) 
shows  normal  operation  and  depicts  the  anode  voltage 
and  current.  Figure  2(b)  depicts  the  Influence  of  the 
magnetic  assist  in  series  with  the  load.  Anode  voltage 
on  the  thyratron  decays  during  the  period,  td.  A  large 
voltage  is  developed  across  the  magnetic  assist  and 
decays  after  the  period,  tg,  when  the  magnetic  assist 
switches.  The  current  rises  to  a  low  value  during  the 
interval,  t<j,  and  then  rises  to  full  magnitude.  Figure 
3  shows  the  effect  of  a  magnetic  assist  on  power  dissi¬ 
pation  on  a  5948  thyratron  operating  at  15  kV  ePy.  The 
results  are  given  for  three  different  lengths  of  Super- 
malloy.  Supermalloy  has  a  AB  of  12  to  15  kilogauss  and 
a  saturation  field  of  0.02  oersted.  In  these  studies 
several  nickel-iron  alloys  were  used,  including 
Supermalloy,  Square  Permalloy,  and  Oeltamax.  These 
materials  have  a  large  flux  swing  from  12000  gauss  for 
Permalloy  to  28,000  gauss  for  Oeltamax  and  provide  large 
delays.  The  materials  were  rejected  in  favor  of  micro- 
wave  ferrimagnetlc  materials  to  provide  faster  switching 
times.  One  material  selected  was  the  Transtech  type 
TT  1-3000  magnesium  manganese  ferrite  with  zinc  substi¬ 
tution.  It  has  a  good  square  loop  characteristic  and 
is  reconmended  for  operation  at  K-band  frequencies.  A 
supply  of  this  material  was  available  in  the  form  of 
long  cylindrical  beads.  The  beads  are  500  mils  long 
with  an  outer  diameter  of  200  mils  and  an  inner  diameter 
of  100  mils.  A  second  material  available  was  Ferroxcute 


Ferrite  Shielding  Beads  and  Chokes.  Type  5639031/4B 
was  available  in  dimensions  very  close  to  the  TT 
1-3000.  The  beads  are  472  mils  long  with  an  outer 
diameter  of  220  mils  and  have  double  holes,  each  35 
mils  in  diameter.  The  Ferroxcube  is  a  manganese  zinc 
ferri te . 

The  delay  per  ferrite  cylinder  or  bead  assuming 
a  square  wave  was  calculated  using  the  relationship 
in  Equation  (3).  At  20  kV,  the  delay  per  bead  for 
each  material  is: 

a.  MgMnZn  Ferrite  -  0.97  ns/bead 

b.  MnZn  Ferrite  -  1.4  ns/bead 

The  MgMnZn  ferrites  were  used  in  single  fold  strings  of 
8  providing  a  delay  of  7.7  ns/string.  The  MnZn  fer¬ 
rites  were  used  in  strings  of  5  with  the  lead  returning 
thru  the  second  hold  and  provided  a  delay  of  6.9 
ns/string. 

Conventionally  the  magnetic  assist  Is  placed  In 
series  with  the  anode  of  the  thyratron  and  the  high 
voltage  side  of  the  pulse  forming  line.  This  requires 
high  voltage  insulation  of  the  assist  from  ground  for 
the  entire  interpulse  interval  (milliseconds),  exposes 
the  assist  to  the  hot  anode,  and  requires  differential 
voltage  measurements  to  observe  the  assist  behavior. 

For  this  series  of  experiments  the  assist  was  placed 
in  series  with  the  load.  The  effect  reduces  the  high 
voltage  insulation  requirement  for  the  pulse  duration 
(nanoseconds),  limits  the  heat  exposure  to  the  tempera¬ 
ture  of  the  load,  and  by  Interchanging  the  load  and 
the  assist  permits  direct  measurement  of  the  assist 
behavior.  Both  materials  have  good  square  loop 
properties  and  the  saturization  magnetization  is  In 
the  order  of  3000  gauss  for  the  type  TT  1-3000  and 
3300  gauss  for  the  type  5639031/48  material. 

In  the  second  phase  of  this  program,  this  techni¬ 
que  was  applied  to  a  Blumlein  circuit  which  reduces  the 
voltage  requirements  for  a  line-type  modulator  by  a 
factor  of  2.  A  consequence  of  this  type  of  circuit  is 
that  the  switch  operates  at  one-half  of  the  impedance 
of  a  conventional  line-type  modulator.  The  current 
risetime,  assuming  a  lossless  switch.and  non-inductive 
load,  will  increase  unless  the  inductance  of  the  cir¬ 
cuit  can  also  be  reduced  by  a  factor  of  two.  The  out¬ 
put  of  the  Blumlein  circuit  is  two  pulses  forming  lines 
in  series  discharging  into  the  load.  Since  the  initial 
risetime  of  the  current  pulse  is  poorer  than  a  conven¬ 
tional  line-type  modulator,  the  output  pulse  requires 
sharpening  to  achieve  the  required  risetime.  The  addi¬ 
tion  of  a  magnetic  switch  in  series  with  the  load  com¬ 
pensates  for  the  inherently  poorer  risetime  character¬ 
istics  of  the  Blumlein  circuit.  The  switch  operates  In 
the  same  manner  as  the  assist  in  series  with  the  thyra¬ 
tron.  It  delays  the  onset  of  the  main  current  pulse 
until  the  peak  voltage  is  across  the  magnetic  switch  at 
which  time  it  switches.  The  current  risetime  is  then 
primarily  determined  by  the  switching  speed  and  satu¬ 
rated  inductance  of  the  magnetic  switch  and  the 
Inductance  of  the  load. 

Line-Type  Modulator  Experiments 

In  the  first  phase  of  this  study,  the  magnetic 
assist  was  applied  to  a  hydrogen  thyratron  line-type 
modulator  (Fig.  4).  Direct  current  resistive  charging 
was  used  since  a  small  low  average  current  power  supply 
was  conveniently  available.  To  obtain  fast  rlsetimes, 
coaxial  pulse  forming  lines  were  used.  The  networks 
consisted  of  1  to  3  each  RG  214  coaxial  cables  in  paral¬ 
lel  to  provide  network  Impedances  of  50,  25,  and  16.6 
ohms.  Pulse  lengths  from  25  to  150  ns  were  used.  The 
results  presented  will  be  at  the  narrow  pulse  widths 
since  longer  pulse  widths  did  not  provide  sufficient 
additional  data  of  interest.  The  loads  consisted  of 
Allen-Bradley  2  watt  carbon  resistors  in  parallel  and 
had  nominal  impedances  or  45,  27.5  and  15  ohms 
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respectively.  The  negative  mismatch  was  used  to  pro¬ 
vide  Inverse  current  after  the  pulse  In  addition  to 
the  recharge  current  to  reset  the  magnetic  switch.  A 
Cober  pulse  generator  was  used  In  sane  parts  of  the 
Investigation  when  It  was  established  that  a  stiff 
grid  drive  was  necessary.  The  Cober  Is  a  hard  tube 
generator  with  a  risetime  of  a  few  nanoseconds,  200 
ohms  Impedance,  and  variable  output  up  to  2000  V.  A 
"top  hat”  cylindrical  return  was  mounted  on  the  tube 
to  minimize  circuit  Inductance.  All  measurements  were 
made  at  repetition  rates  varying  from  10  to  500  Hertz 
dependent  upon  the  limitations  0*  the  power  supply.  A 
voltage  probe1  with  high  frequency  response  was  used 
for  all  measurements  across  the  load  and  ferrite 
string.  The  probe  was  used  In  conjunction  with  either 
a  Tektronix  7834-  or  7904  scope  with  a  50  0  Input  7819 
preamplifier. 

Thyratron  types  used  during  these  experiments 
were  the  ITT  8613  trlode,  the  ITT  FI 99  tetrode,  and 
the  EEV  1164  tetrode.  Except  for  the  1164,  the  tubes 
were  all  rated  for  at  least  20  kV  operation.  The  use 
of  a  ferrite  assist  Improved  the  risetime  to  under 
5  ns  for  all  the  tube  types  and  with  a  stiff  drive 
reduced  the  risetime  to  between  2  and  3  ns.  Discus¬ 
sion  will  be  limited  to  a  few  cases  for  the  8613 
trlode  and  the  FI 99  tetrode. 

The  trlode  Is  Che  more  difficult  switch  to 
achieve  a  fast  rise  time  because  It  has  no  preionizing 
electrode  to  Ignite  a  diffuse  discharge  near  the 
cathode  to  aid  In  cathode  utilization.  In  the  case 
of  the  8613  It  was  necessary  to  age  the  cathode  with 
a  1  us  pulse  width.  It  was  also  necessary  to  use  a 
fast  risetime  stiff  grid  drive  of  1000  volts  and  a 
raised  heater  voltage  between  5  and  10%  to  get  ade¬ 
quate  electron  emission  to  perform  definitive  tests. 

Normal  operation  of  the  thyratron  Is  shown  on 
Fig.  5.  The  sweep  speed  Is  10  ns/half-cm  (reduced 
scale).  The  trace  starting  one  centimeter  higher  Is 
the  fall  of  anode  potential  and  takes  about  ns  to 
fall  to  a  few  hundred  volts.  The  load  voltage  or  cur¬ 
rent  takes  about  as  long  to  peak.  During  this  period 
about  half  the  energy  being  switched  Is  dissipated  In 
the  anode.  This  results  In  anode  heating  which 
reduces  the  anode-grid  gas  density  and  slows  the  rate 
of  Ion  generation. 

Figure  6  shows  the  result  of  adding  a  magnetic 
switch  In  series  with  the  load  and  thyratron.  A  delay 
of  15.5  ns  was  introduced.  The  two  load  voltages  or 
current  waveforms  are  shown.  The  shape  of  the  pulse 
has  changed  from  essentially  a  cosine  (Fig.  &•>)  to  a 
square  pulse  (Fig.  6b).  There  are  Instabilities  on 
the  top  of  the  square  pulse  which  are  attributed  In 
part  to  noise  In  the  detection  system  and  In  part  to 
emission  Instabilities  In  the  thyratron.  This  Indi¬ 
cates  the  need  for  a  tetrode  structure  with  a  larger 
current  and/or  more  delay  Introduced  to  allow  the  dis¬ 
charge  to  utilize  more  of  the  cathode.  The  Improve¬ 
ment  In  risetime  Is  over  a  factor  of  five.  These 
measurements  were  taken  at  a  peak  load  current  and 
voltages  of  630  A  and  9.5  kV  respectively.  The 
operating  voltage  was  20  kV  with  a  negative  mismatch 
of  5X. 

Tetrode  thyratrons  performed  considerably  better 
and  provided  clean  pulse  waveforms.  Figure  7  shows 
the  load  voltage  obtained  with  an  EEV  1164  with  the 
same  magnetic  assist  used  for  the  thyratron.  The 
anode  voltage  Is  13  kV,  the  maximum  voltage  the  switch 
can  handle.  A  very  stiff  control  grid  drive  pulse 
was  also  necessary  on  the  this  switch  for  fast  rise 
times. 

Line  Type  Modulator  Efficiency 

In  addition  to  pulse  shape  It  Is  necessary  to 
measure  the  efficiency  of  the  system  and  to  determine 
dissipation  In  the  various  elements.  The  three  major 


elements  for  dissipation  measurements  are  the  thyra¬ 
tron,  the  magnetic  switch  and  the  load.  A  series  of 
measurements  were  taken  using  a  20.5  ns  50  0  coaxial 
line  as  the  pulse  forming  line  and  a  47  0  resistive 
load.  Three  cases  are  presented  for  operation  at  22  kV 
peak  voltage  and  225  A  peak  current.  The  ITT  F199 
tetrode  thyratron  was  used.  In  this  case  a  nominal 
control  grid  drive  was  satisfactory.  Reservoir  heater 
voltage  was  set  at  6.7  volts  ac  to  achieve  a  fast  anode 
voltage  fall  time.  The  ferrites  used  were  the  MgMnZn 
ferrite.  The  three  eases  shown  are  for  no  assist,  an 
assist  with  a  15.5  ns  delay,  and  an  assist  with  a  23 
ns  delay.  The  voltage  waveforms  across  the  thyratron, 
the  ferrite,  and  the  load  are  shown  on  Figures  8,  9 
and  10.  The  case  with  the  15.5  ns  delay  gives  the  best 
load  current  waveform.  From  this  data  the  dissipation 
as  a  function  of  time  were  plotted  for  the  thyratron, 
the  ferrite,  and  the  load  and  are  shown  on  Figures  11, 
12  and  13.  Table  I  summarizes  the  results  and  shows 
the  percentage  dissipation  In  each  of  the  elements.  As 
expected  from  the  voltage  wave  shapes  the  case  with  the 

15.5  ns  delay  gave  the  most  efficient  energy  transfer, 
85%.  Considering  the  narrow  pulse  width  of  the  line, 

20.5  ns,  the  result  is  exceptionally  good.  An  exces¬ 
sive  amount  of  delay,  23.2  ns,  increases  the  ferrite 
dissipation  by  a  factor  of  2.5  and  adds  additional 
inductance  wnich  deteriorates  the  wave  shape.  Switch 
dissipation  becomes  negligible  In  this  case. 


Table  I.  Dissipation 


Element 

No  Ferrites 

Ferr 

1st 

15.5  ns  delay 

23  ns  delay 

Thyratron 

35.8% 

5.4% 

0.4% 

Ferrl te 

— 

8.9% 

23.1% 

Load 

66.9% 

85.0% 

77.9% 

Total  j 

1 

102.7% 

99.3% 

101.4% 

Blumleln  Modulator  Experiments 


In  a  conventional  line  type  modulator,  assuming 
the  pulse  forming  line  and  the  load  are  matched,  It  Is 
necessary  to  charge  the  pulse  forming  line  to  twice  the 
pulse  voltage  delivered  to  the  load.  For  very  high 
pulse  voltages  on  the  load,  greater  than  100  kV,  tell¬ 
able  high  repetition  rate  reliable  switches  capable  of 
over  200  kV  operation  are  not  presently  available.  Two 
basic  circuit  approaches  are  available  to  overcome  this 
problem.  The  first  approach  Is  to  use  a  step-up  pulse 
transformer  between  the  load  and  the  pulser.  This  Is 
commonly  used.  If,  however,  fast  rlsetlmes,  less  than 
0.1  us,  are  required  the  Inductance  of  the  pulse  trans¬ 
former  Is  a  severe  limitation.  The  second  approsch, 
which  does  not  require  a  transformer,  consists  of 
charging  pulse  forming  networks  In  parallel  and  dis¬ 
charging  them  In  series.  The  two  most  cannon  circuits 
are  the  Marx  and  Slumleln  configurations.  The  Marx  is 
used  extensively  for  very  high  voltage  essentially 
single-shot  applications  using  spark-gaps  as  the 
switches.  For  high  repetition  rate  operation  the 
Blumleln  circuit  Is  usually  preferred  and  was  specifi¬ 
cally  studied. 

The  81umle1n  circuit  is  the  two  network  case  of  a 
Darlington  circuit.  A  schematic  of  the  circuit  Is 
shown  in  Figure  14.  The  circuit  works  In  the  following 
manner.  Pulse  forming  networks  #1  and  #2  are  charged 
to  the  desired  level  by  a  common  power  supply  through 
a  charging  resistor.  (A  charging  resistor  consumes 
hfclf  of  the  charging  power.  This  technique  was  used 
for  convenience  In  this  experiment.  In  practice,  the 
charging  circuit  would  be  designed  for  resonant 
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charging  increasing  the  efficiency  from  501  to  over 
95*  and  decreasing  the  power  supply  voltage  by  a  fac* 
tor  of  2.  If  operation  below  resonant  frequency  is 
desired,  a  charging  diode  is  placed  in  series  with 
the  charging  inductor  to  maintain  the  voltage  on  the 
network.)  The  thyratron  is  then  fired  discharging 
PFL  #1.  This  is  equivalent  to  reversing  the  potential 
of  this  line,  thus  putting  it  in  series  with  the  PFL 
♦2.  The  two  networks  then  discharge  in  series  thru 
the  load.  If  the  load  has  an  impedance  equal  to  the 
series  rearrangement  of  the  network,  pulse  voltage 
equal  to  the  original  dc  charging  voltage  appears 
across  the  load.  The  reversing  process  results  in  a 
fixed  time  delay  equal  to  half  the  pulse  width  between 
the  firing  of  the  switch  and  the  application  of  pulse 
voltage  to  the  load.  Although  the  switch  only  ho Ids - 
off  half  the  voltage  it  must  pass  double  the  peak  cur¬ 
rent  required  in  a  conventional  line-type  modulator. 
The  Blumlein  circuit  usually  delivers  a  poorer  pulse 
shape  to  the  load  because  of  the  increased  loop  induc¬ 
tance  and  the  poorer  current  risetime  in  the  initial 
discharge. 

Since  earlier  experiments  had  indicated  that  a 
tetrode  mode  of  operation  was  desirable,  most  of  the 
experiments  were  performed  with  a  modified  EG&G  HY-8 
tetrode  thyratron,  a  20  kV  switch.  Separate  flying 
leads  for  the  filament  and  reservoir  heaters  were 
provided  to  permit  variation  of  cathode  temperature 
and  reservoir  pressure.  Initial  experiments  with 
excellent  results  were  obtained  at  normal  settings. 
Since  very  stiff  triggers  are  used  In  these  experi¬ 
ments  to  obtain  dense  plasma  in  the  cathode-grid 
reqion,  the  tube  had  considerable  clean-up  which  was 
compensated  by  adjusting  the  heaters.  The  auxllliary 
grid  driver  was  an  EG&G  TM-30.  The  control  grid 
driver  was  a  Cober  hard-tube  pulser. 

The  pulse  forming  lines  were  made  from  a  single 
length  of  RG-214U  cable.  A  two  Inch  section  of  outer 
braid  was  removed  to  form  the  two  separate  pulse 
forming  lines.  Resistors  were  placed  around  the 
stripped  section  to  form  the  load  of  83  SI.  The  load 
was  deliberately  negatively  mismatched  to  provide 
reset  current.  A  photo  (Fig.  15)  shows  the  experi¬ 
mental  set-up.  On  the  bench  Is  an  HY-8  thyratron  with 
the  high  voltage  end  of  one  Blumlein  attached  to  the 
anode  return  and  the  braid  attached  to  a  ferrite 
assist  attached  to  the  cathode  flange.  On  the  right 
three  Blumleins  with  loads  are  shown.  Only  one  is  in 
use  and  has  a  ferrite  shapenlng  switch  In  series.  A 
Sarjeant  type  voltage  probe  Is  across  the  load. 

The  magnetic  assist  for  the  thyratron  and  the 
sharpening  switch  were  made  from  the  same  material  and 
had  the  same  geometrical  design  previously  discussed. 
The  reason  is  simply  that  both  applications  are  quite 
similar  with  respect  to  voltage,  current,  and  delay 
requirements. 

The  series  of  figures  shown  are  results  obtained 
from  14  kV  to  20  kV  with  filaments  voltage  at  the  nor¬ 
mal  operational  levels  of  6.3  Vac.  Figure  16a  shows 
the  output  of  the  Blumlein  (14  kV)  with  no  ferrite 
assist  or  ferrite  sharpening  switch.  It  is  essential¬ 
ly  slnosoidal  In  shape.  In  Fig.  16b  a  ferroxcube 
assist  with  a  9.9  ns  delay  was  placed  In  series  with 
the  HY-8.  The  Blumlein  output  pulse  became  more 
rectangular,  but  still  provided  an  unsatisfactory 
pulse.  A  MgMn-.Zn  sharpening  switch  with  a  delay  of 
an  11  ns  delay  was  placed  in  series  with  the  load. 
Figure  16c  shows  the  result,  an  excellent  pulse  output 
for  a  Blumlein  circuit. 

The  next  set  of  scope  pictures  Is  almost  an 
Idealized  result.  Figure  17a  shows  the  Blumlein  out¬ 
put  voltage  at  20  kV  and  2  ns/mlnor  division  sweep 
speed.  Figure  17b  shows  the  pulse  with  the  vertical 
scale  expanded  2.5X.  The  risetime  of  the  pulse  1$ 
about  4  ns  and  the  falltlne  Is  about  6  ns.  The  top 
Is  not  perfectly  flat.  The  first  ns  Is  about  10*  low. 


The  loss  can  probably  be  attributed  to  the  initial  dis¬ 
charge  thru  the  thyratron  and  may  be  the  result  of  not 
optimizing  the  magnetic  assist. 

Conclusions 

The  investigation  demonstrated  the  value  of  a 
ferrite  magnetic  assist  In  series  with  a  thyratron 
in  achieving  a  fast  risetime.  The  behavior  of  the 
switch  system  is  explainable  and  predictable.  Rise- 
times  <  3  nanoseconds  have  been  achieved  with  both 
trlodes  and  tetrodes  where  no  attempt  has  been  made 
to  minimize  the  Inductance  or  design  the  switch  for 
high  pressure  operation.  The  design  of  the  magnetic 
assist  was  based  on  readily  available  materials  and 
shapes  with  no  attempt  to  optimize  the  magnetic 
assist  material  or  design. 

EG&G  has  successfully  applied  the  technique  to 
the  development  of  low  voltage  (6  kV)  tetrode  thyra¬ 
trons4  for  millimeter  wave  applications.  Using  the 
same  material  and  the  same  cylindrical  ferrite  design 
in  a  linear  format,  EG&G  achieved  1  ns  risetime  with 
< 50  as  recovery.  The  ferrite  assist,  as  predicted, 
permitted  operation  at  lower  hydrogen  pressure  to 
achieve  the  high  repetition  rate. 

Thereafter,  effort  was  concentrated  on  the  use  of 
magnetic  material  in  a  Blumlein  pulser.  The  Blumlein 
pulser  is  inherently  slower  than  a  conventional  line- 
type  pulser.  In  addition  to  a  magnetic  assist  in 
series  with  the  thyratron.  It  was  necessary  to  use  a 
magnetic  sharpening  switch  in  series  with  the  load  to 
achieve  fast  rlsetimes  and  good  pulse  shapes.  At  20 
kV,  a  risetime  of  4  ns  and  a  falltime  of  5  ns  were 
achieved  with  essentially  a  flat  top  pulse. 
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MICROSECONOS 


Figure  3.  Instantaneous  Power  Dissipation  in  a 
5948  Thyratron  w/o  *nd  with  a  Series 
Supermalloy  Assist.  Results  are 
shown  for  three  different  delays. 


Fig.  2(b) 


Figure  2.  Voltage  and  Current  Waveforms  of 
Switch  in  a  Line-Type  Modulator. 
Fig.  2(a)  No  Magnetic  Assist; 
Fig.  2(b)  With  a  Series  Magnetic 
Assist. 


Charging 

Resistor 


Figure  4.  Line-Type  Modulator  with  a  Magnetic 
Switch  In  Series  with  Thyratron, 
Load,  and  Pulse  Forming  Line. 
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Fig. 
Figure  9. 


Jc.  Load  voltage 

Voltage  waveforms  at  22  kV  using  an  FI 99 
tetrode  thyratron  with  a  MgMnZn  ferrite 
assist  providing  a  delay  of  15.5  ns. 
Sweep  speed  Is  5  ns/half-cm. 


fig.  10c 
Figure  IQ.  V 


load  voltage 


Voltage  waveforms  at  22  kV  using  an  FI 99 
tetrode  thyratron  with  a  MgMnZn  ferrite 
assist  providing  a  delay  of  23  ns. 

Sweep  speed  Is  5  ns/half-cm. 


Megawatts  l*  Megawatts 


Figure  14.  Blumlein  Modulator  Using  a  Tetrode 
Thyratron  in  Series  with  a  Magnetic 
Switch  and  a  Pulse  Sharpening  Magnetic 
Switch  in  Series  with  the  Load. 


Figure  15.  Experimental  set-up  of  Blumlein  pulser. 
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resrs  of  a  low-pressure  switch  protected  bv  a  saturating  inouctor 


E.  J.  Lauer  ana  D.  L.  8irx 


University  of  California 
Lawrence  Livermore  National  Laooratory 
Livermore,  California  94550 


Summary  three-folo.  After  tnese  changes  were  made  and  with 

A  Vy  =  250  kV,  d  *  4  cm,  and  tne  maximum  pressure  of 

Low-pressure  switches  and  magnetic  switches  have  N2,  the  current  rise  time  was  20  ns.  The  jitter  was 
oeen  tested  as  possioie  replacements  for  the  excellent  (£)  ns/.  The  trouole  was  tnat  the  runaway 

nign-pressure  switches  currently  used  on  Experimental  electrons  in  the  low-pressure  switch  formed  a  pinched 

Test  Accelerator  (ETA)  and  Advanced  Test  Accelerator  electron  oeam  at  aDOut  the  time  that  the  voltage  fell 

(ATA).  When  the  low-pressure  switch  is  used  with  a  to  Vg/ 2  ana  the  current  rose  to  Vy/2Zg.  Tne 

low-impedance  transmission  line,  runaway  electrons  electron  beam  damages  tne  anode  (vaporizes  local 

form  a  pincned-electron  oeam  which  damages  the  anode.  regions).  Tne  voltage  nolding  recovery  time  is  not 
we  have  tested  tne  use  of  the  low-pressure  switch  as  reproducible  from  pulse  to  pulse,  probably  because  of 

tne  first  switch  in  the  pulsed-power  chain;  i.e.,  the  tne  anoue  damage, 

switch  would  be  used  to  connect  a  charged  caoacitor 

across  the  primary  winding  of  a  step-up  transformer.  In  the  tests  reported  nere,  the  role  of  tne 

An  inductor  with  a  saturating  core  is  connected  in  low-pressure  switch  has  oeen  changed  from  that  of  the 

series  so  that,  initially,  there  is  a  large  inductive  final  line  output  switcn  to  that  of  the  first  switcn 

voltage  drop.  As  a  result,  there  is  a  small  voltage  ln  tne  pulsed  power  cnain;  i.e.  tne  switcn  is  used  to 

across  the  switch.  By  the  time  the  inductor  core  suddenly  connect  a  cnarged  capacitor  across  the 

saturates,  the  switch  has  developed  sufficient  primary  winding  of  a  step-up  transformer.  An  inductor 

ionization  so  tnat  the  switch  voltage  remains  small,  with  a  saturating  core  is  connected  in  series  with  the 

even  with  peak  current,  and  an  electron  beam  is  not  switcn  and  capacitor  so  that,  initially,  there  is  a 

produced.  A  15  uF  capacitor  was  used  with  charge  large  Li  voltage  drop  across  the  inductor  and  only  a 

voltages  up  to  50  kV.  Tne  time-to-current  maximum  was  relatively  small  voltage  across  the  switch.  By  the 
5  to  8  ps.  The  current  terminated  at  about  50  us,  time  the  inductor  core  saturates  and  the  inductance 

ana  the  voltage  could  be  reapplied  at  about  10U  us.  drops,  the  switch  has  developed  sufficient  ionization, 

so  the  switch  voltage  remains  small  even  with  the  peak 
current.  Therefore,  an  energetic  electron  beam  is  not 


Introduction 

Tne  Livermore  low-pressure  switcn  tests  were 
started  with  the  idea  of  developing  a  faster 
repetition-rate  replacement  for  the  high-pressure 
blumlein  switches  currently  used  on  ETA  and  ATA.  ( '  / 
Measurements,  togetner  witn  theoretical  and  numerical 
modeling,  resulted  in  a  rather  complete  understanding 
of  the  essential  mechanisms  involved. (2,3,4)  prom 
the  practical  point  of  view,  the  tests  met  some  but 
not  all  of  tne  requirements  for  an  acceptable  line 
switch.  Briefly,  the  current  increases  exponentially 
witn  time  (until  tne  voltage  collapses),  with  the 
exponential  rate  constant  proportional  to  gas 


produced,  there  is  no  anode  damage,  and  the 
voltage-holding  recovery  time  is  reproducible. 

Numerical  calculations  predict  that  the  energy 
delivered  to  the  anode  in  tne  case  of  an  unprotected 
line  switcn  is  typically  0.3  of  the  stored  energy, 
wnereas  in  a  typical  case  of  a  transformer-capacitor 
resonant  charge  circuit,  only  '0*y  Of  the  stored 
energy  is  deposited  on  tne  anode. 

In  the  present  tests,  the  low-pressure  Blumlein 
switcn  has  been  adapted  to  the  resonant  charge  mode  to 
find  the  maximum  rate  of  energy  transfer  that  does  not 
cause  anode  damage  and  spoil  the  voltage-holding 
recovery  time. 


density,  nence,  increasing  the  gas  density  resuits  in 
a  smaller  current  rise  time.  However,  there  is  a 


maximum  Po  (gas  pressure  times  gap  distance)  above 
wnich  tne  switch  prefires;  i.e.,  self-breaks  before 
the  trigger  pulse  occurs. 

originally,  the  Blumlein  and  the  switch  were  chargeJ 
in  about  20  us,  and  the  limiting  Pd  was  about 
U.05  Torr  cm  of  or  argon  (H2  had  a  smaller 
rate-of-rise  at  its  prefire  limited  maximum 
pressure),  with  a  line  having  a  characteristic 
impeoance  of  Zg  *  5.4  si,  an  initial  charge  voltage 
of  Vg  »  50  kv,  d  *  1  cm,  and  the  maximum  pressure  of 
%2  or  heavier  gas,  the  rise  time  was  <20  ns.  With 
higher  voltages,  d  had  to  be  increased  and,  holding  Pd 
approximately  constant,  P  had  to  ue  decreased.  The 
rise  time  was  tnen  too  slow.  A  magnetic  modulator  was 
installed  and  used  to  cnarge  the  line  and  switcn  in 
about  0.15  us.  This  snorter  cnarge  time  had  the 
result  that  the  prefire  limited  Pd  increased  about 


Tne  circuit  used  for  these  tests  is  shown  in 
Figure  1.  The  water  dielectric  was  removed  from  the 
Blumlein  and  replaced  with  SFg  gas  to  minimize  the 
capacitance  that  is  not  in  series  with  the  saturating 
inductor.  R  is  a  damping  resistor  in  place  of  the 
transformer  load.  R  was  approximately  adjusted  for 
critical  damping  of  tne  LC  circuit  with  L  in  its 
saturated  state.  An  ETA  switch  chassis  and  step-up 
transformer  is  used  to  apply  a  test  voltage  pulse  to 
tne  LPS  at  an  adjustable  delay  time.  The  switch 
voltage  was  measured  two  ways:  one  method  was  with 
tne  combination  R-C  divider  shown  an 0  labeled  (VS), 
tne  otner  method  (not  shown)  was  using  a  fast  response 
time  capacitive  divider  (CD)  mounted  in  tne  outer 
Blumlein  wall.  The  switch  current  was  measured  with 
tne  wall  resistor  ia  stainless  steel  foil  resistor  in 
series  with  tne  outer  Blumlein  wall). 
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Results 


Figure  1.  Circuit:  L  is  3  or  5  turns  around  a 
metglas  core  with  a  24-in.  o.d.,  a  10-in.  i.d.,  and  a 
4  x  1-in.  length. 


The  low-pressure  switch  cathode  is  shown  in 
Figure  2.  It  nas  a  diameter  of  10  in.  and  has  12 
trigger  electrodes  located  on  a  6-in.-diam  circle. 
Flowing  gas  enters  the  gap  through  an  annular  crack 
around  each  trigger  electrode. 


Figure  2.  A  10-in. -diam  cathode  with  12 
trigger-channels  located  on  a  6-in. -diam  circle. 


The  sequence  of  events  in  a  test  is: 

1.  A  master  pulser  opens  the  solenoid  valve. 
The  gas  flow  Becomes  constant  after  about  I  ms. 

2.  At  8  ms,  the  IPS  is  triggered  by  applying 
25  kV  to  the  50-n,  60-ns  trigger  cables. 

3.  At  an  adjustable  delay  time,  the  ETA 
switch-chassis  thyratrons  are  triggered  to  apply  the 
test  pulse  to  the  IPS. 


Figure  3  snows  a  set  of  measurements  with  5 
series  turns  in  inductor  L.  The  capacitor  is  15  pF, 
ano  the  charge  voltage  is  the  maximum  tried  (50  kV). 
The  energy  stored  and  transferred,  CV5/2,  is 
18.75  kj.  This  is  enough  to  drive  the  complete  ETA 
accelerator  (the  gun  and  10  accelerating  cavities). 

Tne  quarter-cycle  time  for  the  current  to  rise  to  its 
maximum  is  about  8  us.  The  peak  current  is  about 
40  kA.  The  delay  time  until  the  core  saturates  is 
about  2  us.  The  current  seems  to  turn  off  at  about 
55  us  (on  the  120  A/d  sensitivity  a  "ground  loop" 
current  is  observed  flowing  through  the  wall 
resistor).  The  switch  recovers  its  voltage-holding 
ability  reproducibly  at  about  75  us-  There  is  no 
damage  to  the  anode,  using  the  fast  time  response  ion 
gauge  technique,'3)  the  gas  pressure  at  the  trigger 
electrode  location  is  0.04  Torr.  At  the  time  of  the 
experiment  (8  ms),  the  pressure  in  the  520-4 
expansion  chamber  is  4  x  10'3  Torr.  The  expansion 
volume  probably  could  be  decreased  fifty-fold  without 
causing  Pd  breakdown  in  the  insulator  region. 


VS  WR 


120  A/J 


Figure  4  shows  a  similar  set  of  measurements  with 
three  turns  in  l.  Tne  charge  voltage  is  again  50  kV. 
how,  the  current  quarter-cycle  time  to  maximum  is 
6  us,  ano  the  peak  current  is  about  100  kA.  There 
is  some  doubt  about  this  current  reading,  because  the 
foil  wall  resistor  was  damaged  by  sparking  and  had  to 
Be  replaced  just  after  this  case.  The  current  turns 
off  at  sO  us.  Voltage  holding  recovery  occurs  at 
110  us.  Tne  gas  conditions  are  the  same  as  those 
for  Figure  3. 


fgm\ 

10  kV/d 


Tne  measurements  of  Figure  5  are  also  with  three 
turns  in  L,  out  k  is  increased  sligntly.  The  cnarge 
voltage  is  42  kv.  For  Vy  >  45  kV,  the  recovery 
time  cnangeo  oiscontinuously  from  aoout  110  us  to 
ns.  nlso,  visually,  the  aiscnarge  appeared  pinched. 
Upon  inspection,  there  was  no  evident  damage  to  the 
anode,  with  three  turns  and  42  kv,  the  core  saturates 
after  aDout  1  us.  The  current  turns  off  at  about 
35  us. 

Figure  6  shows  that  the  recovery  time  is 
inoeoenaent  of  cnarge  voltaqe,  unless  anooe  damage 
occurs. 


10  kV/d 


300  A/J 


Figure  4.  Spark-gap  voltage  {left  column)  and 
current  (rignt  column):  Vq  =  50  kV,  L  has  3  turns 
S  *  0.41  12,  d  *  1  cm,  and  ?  =  35  lb/in.2  n- 


A 


V0  (kV) 


Figure  6.  voltage  nolding  recovery  time  v£  initial 
gap  voltage:  L  nas  5  turns,  R  «  0.6  a,  a  *  1  an, 
and  P  *  35  lo/in.2  Mj. 


10  kV/d 


Figure  7  shows  recovery  time  vs  valve-orifice 
pressure  for  two  gap  distances.  Channel  pressuro 
varies  as  the  1/2  power  of  gas  flow  rate  and  the  flow 
rate  varies  linearly  with  orifice  pressure.  If  the 
recovery  time  was  controlled  by  the  mean  time  for  gas 
ions  to  diffuse  through  the  gas  to  the  electrodes, 
then  the  recovery  time  would  scale  as 


Figure  5.  Spark-gap 
voltage  (left  column)  and 
current  {right  column): 

Vg  «  42  kV,  L  has  3 
turns,  R  *  0.44  0, 
d  *  1  cm,  and 
>  »  35  lb/in.2  «2. 


1.2  kA/d 


p  (Pa)2 


where  tc  is  the  mean  time  between  scattering 
collisions  of  ions  with  gas  molecules,  and  X  is  the 
corresponding  mean  free  path.  Figures  6  and  7 
Indicate  that  ion  diffusion  is  involved,  although 
there  may  oe  some  pinching  and  anode  heating  for 
d  •  2  cm. 


Figure  7.  Voltage  holding  recovery  time  vj>  valve 
pressure:  Vq  *  41  kV,  N£  gas,  and  5  turns  around 
metglas. 


Figure  8  shows  the  voltage  collapse  and  the 
current  build  up  near  time  zero.  The  voltage  is 
measured  using  the  fast-time  resolution  capacitive 
divider.  The  time  integral  of  the  IV  product  (heat 
delivered  to  the  anode)  is  approximately 

(300  A)  x  (17  x  103  V)  x  (10*7s)  *  0.5  J. 


The  stored  energy  CVjj/2  was  V  x  103J. 

There  was  a  fractional  variation  of  the  charge 
voltage.  Vq,  from  pulse  to  pulse  of  about 
5  x  10~3.  This  caused  a  similar  variation  of  the 
saturation  time  of  L.  This  will  be  corrected  in 
future  tests  by  regulating  the  charge  voltage. 


Figure  8.  Spark  gap  voltage  vs  time  (left  trace)  and 
current  vs.  time  (right  trace):  Vo  *  35  kV,  l  has  5 
turns,  o  »  1  cm,  ana  P  *  35  1 b/in . 2  «2. 


References 


(1)  E.  J.  Lauer,  Status  of  Low-Pressure  Switcn 
Research  and  'Development.  Lawrence  Livermore 
National  Laboratory,  Livermore,  CA,  UCID  17998 
(December  1978). 


(2)  E.  J.  Lauer,  S.  S.  Yu  ana  D.  M.  Cox,  Onset  of 
Self-Breakaown  in  a  Low  Pressure  Spark  jap, 

Phys.  Rev.  a23.  2250  (1981).  also  Lawrence 
Livermore  National  Laboratory,  Livermore,  CA,  UCRL 
84216  (1981). 

(3)  E.  J.  Lauer,  0.  L.  Birx,  J.  A.  Masamitsu,  R.  E. 
Melendez,  I.  0.  Smith  ana  S.  S.  Yu,  Low  Pressure 
Switch  Progress  Report.  Lawrence  Livermore 
National  Laboratory,  Livermore,  CA,  UCID  18848 
(November  1980). 

(4)  E.  J.  Lauer  and  D.  L.  8irx,  Low  Pressure  Spark 
Sap,  presented  at  the  Third  ittl  international 
Pul sed  Power  Conference,  Albuquerque,  New  Mexico, 
1-3  June  1981,  Lawrence  Livermore  National 
Laboratory,  Livermore,  CA,  UCRL  85739  (1981). 

(5)  Ian  Smith,  Pulsed  Sciences,  Inc.,  private 
coamunlcatlon  (July  9,  1981). 


( 

Lawrence  Livermore  National  Laboratory  Is  operated  by  the  University  of  California  for  the  U.S.  Department  of 
tner^y  tinder  Contract  No.  W-7405-Eng-48.  This  work  was  performed  by  LLNL  for  u.S.  Department  of  Defense  under 
0A8PA  (000)  MPA  Order  No.  4395,  Amendment  No.  1,  monitored  by  NSWC  under  Contract  No.  N61921-82-NR-H1156. 


50 


AN  IMPROVED  50  KV  PULSER  DESIGN* 


J.  A.  Olcles,  E.  S.  Fulkerson 
Lawrence  Livermore  National  Laboratory 
P.O.  Box  5508 
Livermore,  CA  94550 


Summary 

A  compact  50  kilovolt  pulser  has  been  developed 
as  a  gas  switch  trigger.  This  unit  combines  a 
gounded  grid  thyratron  with  a  ferrite  loaded  step-up 
transformer  to  provide  the  required  output  voltage. 

A  magnetic  switch  at  the  output  brings  the  risetlme 
down  to  the  ten  nanosecond  range.  Unit  operation  is 
specified  Into  a  25  ohm  reslsitive  load.  Integral 
<1th  the  pulser  package  is  the  necessary  low  level 
support  electronics  to  power  the  thyratron  and  to 
orovlde  trigger  and  diagnostic  functions.  Package 
volume  Is  less  than  .02  m3. 

Introduction 

Plasma  shutters  employing  electrically  exploded 
foils  will  prevent  retropulse  damage  to  large  optics 
in  the  Nova  laser  system.  These  shutters  are 
presently  in  an  advanced  state  of  development. 
Switchout  of  the  3  KJ  electrical  energy  store  to  the 
foil  is  by  a  four  section  rail  gap  gas  switch.  Trig¬ 
gering  the  switch  Is  a  compact  50  kilovolt  thyratron 
based  pulser  which  has  been  reported  on  previ¬ 
ous  lyl.  The  following  provides  an  update  on  this 
technology  at  the  final  design  point  in  the  project. 

Figure  1  provides  an  overview  of  the  pulser 
design.  The  unit  accepts  dual  fiber  optic  triggers; 
one  the  main  system  trigger  and  the  other  a  local, 
manual  trigger  for  test  and  maintenance  purposes. 


These  triggers  are  electrically  ORed  to  provide  a  50 
volt,  minimum  Input  to  a  pulse  generator  based  on 
small  silicon  controlled  rectifiers.  Several  changes 
have  recently  been  made  to  this  circuit  resulting  in 
Improved  noise  Imnunlty  and  lower  cost  which  will  be 
discussed  In  a  future  paper.  The  SCR  pulser  fires  a 
grounded  grid  thyratron,  which  dumps  a  40  nf  capaci¬ 
tor  bank  into  a  fast  step-up  transformer.  New  to  the 
design  Is  a  simple  magnetic  switch  which  compresses 
the  output  risetlme  from  the  previously  attained  22 
nanoseconds  to  the  nine  nanosecond  regime.  The 
resultant  output  waveform  Is  depicted  In  Figure  2. 
Included  in  the  package  Is  a  compact  regulated  power 
supply  to  support  the  unit  from  the  a.c.  line,  except 
for  the  18  KV  high  voltage  Input  which  Is  externally 
supplied  from  the  same  source  that  charges  the  main 
plasma  shutter  energy  store. 

Output  Transformer 

We  Initially  used  a  manganese-zinc  ferrite,  Fer- 
roxcube  3C8,  In  the  output  transformer  because  of  Its 
availability  and  high  saturation  flux  density.  With 
this  ferrite,  we  obtained  a  22  nanosecond  output 
risetlme  as  previously  reported.  Investigation 
showed  little  risetime  degradation  through  the  trans¬ 
former;  the  output  speed  was  essentially  determined 
by  the  turn-on  time  of  the  tube.  Lacking  a  simple 
method  of  measuring  thyratron  current  In  this  compact 
device,  we  hypothesized  that  this  current  was  very 
high  due  to  transformer  losses,  thereby  increasing 
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UNIT  BLOCK  DIAGRAM 
Figure  1 


♦This  work  was  performed  under  the  auspices  of  the 
tj.S.  Department  of  Energy  by  Lawrence  Livermore 
National  Laboratory  under  Contract  No.  W-7405-ENG-48. 
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anode  fall  time.  Oiscussions  with  A.  Faltens  at 
Lawrence  Berkeley  Laboratory  and  L.  Regina to  at  LLNL 
indicated  that  a  high  permeability  nickel -zinc  fer¬ 
rite  would  result  in  lower  lossees  in  this 
application. 

We  obtained  ferrite  from  two  vendors.  The  first, 
which  has  been  tested  at  this  writing,  is  Ceramic 
Magnetics  CMD5005  material.  The  second,  which  has 
just  started  test,  is  TDK  PE11B.  Also  considered, 
but  not  purchased,  was  Stackpole  C/70.  The  materials 
are  conpared  In  Table  1. 

We  were  somewhat  surprised  to  note  that  perfor¬ 
mance  with  the  new  ferrite  was  only  marginally  better 
with  the  3C8;  less  than  10  percent  improvement  in 
output  amplitude  was  obtained,  and  a  risetime 
improvement  only  noticable  with  a  50  ohm  load  in 
place  of  the  required  25  ohm  load. 

Using  a  special  1.2  ohm  resistive  dummy  load  in 
place  of  the  transformer,  our  risetime  problems  were 
then  traced  to  the  thyratron,  as  discussed  below. 

Our  final  design  does  employ  the  Nl-Zn  material,  how¬ 
ever,  despite  the  lack  of  significant  performance 
improvement.  The  high  resisltivlty  of  the  material 
allows  it  to  be  used  uninsulated  in  the  transformer, 
providing  greater  design  freedom,  fewer  parts  (a 
molded  silicon  Insulator  was  envisioned  for  the  Mn-Zn 
ferrites),  and  hence  greater  reliability.  Another 
problem  encountered  with  this  ferrite  was  a  lack  of 
pulse- to- pulse  amplitude  repeatability.  This  was 
traced  to  the  ferrite  coming  back  to  a  random  point 
on  the  BH  curve.  A  reset  bias  current  is  therefore 
provided  to  place  the  cores  in  a  predetermined  state 
before  each  shot.  Less  than  five  watts  of  power  are 


required  using  a  d.c.  current  source  from  the 
switching  power  supply.  This  same  current  provides 
the  necessary  reset  to  the  magnetic  output  switch. 

Thyratron  Limitations 

The  switching  device  used  is  an  EG&G  HY-1102.  It 
is  a  hybrid  thyratron/spark  gap  with  interesting 
characteristics  for  single  shot  and  low  repetition 
rate  applications.  Despite  the  existence  of  a  metal¬ 
lic  vapor  arc  Internally  when  switching,  the  device 
has  a  lifetime  of  approximately  10°  shots  in  this 
lightly  loaded  (10  kA)  application. 

We  selected  the  tube  at  the  recommendation  of  G. 
Krausse  of  Los  Alamos  National  Laboratory,  who  is 
using  a  similar  tube,  the  HY-1313,  in  a  spark  chamber 
application.  He  is  achieving  current  risetimes  of 
less  than  20  nanoseconds  to  30  kA  with  these  devices, 
over  a  factor  of  three  faster  than  the  LLNL  unit. 
Subsequent  discussions  revealed  several  differences 
to  what  initially  appeared  to  be  a  very  similar  oper¬ 
ating  situation: 

1)  The  HY-1313  is  a  special  version  of  the 
HY-13,  a  tetrode  version  of  the  HY-1102.  We 
have  tested  the  HY-13  and  found  it  compar¬ 
able  to  the  HY-1102  in  di/dt  performance. 

The  HY-1313  has  a  more  open  grid  structure 
designed  to  improve  risetime,  which  also 
appears  to  degrade  holdoff  capability.  For 
the  plasma  shutter  application,  reliable 
holdoff  is  critical. 

2)  Krausse  also  obtained  an  additional  20  per¬ 
cent  improvement  in  risetime  by  pulsing  the 
auxiliary  (simmer)  grid  positive  rather  than 
taking  the  cathode  negative  as  is  normally 
done  to  trigger  the  tube. 

3)  Los  Alamos  triggers  the  tube  with  a  very 
energetic  source;  two  kilovolts  with  a  three 
ohm  source  Impedance.  Accoroing  to  Krausse, 
this  yields  a  15  percent  risetime  inprove- 
ment  over  a  50  ohm  drive  system. 

4)  Current  rate  of  rise  is  load  dependent; 
higher  current  loads  are  driven  with  faster 
current  risetimes.  We  have  also  investi¬ 
gated  use  of  the  HY-1102  as  a  Pockels  cell 
driver  at  the  one  kiloamp  level  and  risetime 
under  these  conditions  is  only  15  nano¬ 
seconds. 

Despite  the  poor  risetime,  we  were  reluctant  to 
depart  from  the  simple  approach  using  the  HY-1102 
with  a  small  SCR  trigger.  This  implementation  has 
been  reliable  with  acceptably  low  prefire  rate  and 
200  picoseconds  peak-to-peak  jitter. 


TABLE  1 

FERRITE  COMPARISON 


PARAMETER 

UNITS 

CMC 5005 

PE11B 

C/70 

3C8 

Initial  Permeability 

1200  min 

400  min 

850  typ 

2700  min 

Max  Flux  Density 
(at  10  Oersteads) 

Gauss 

3000  min 

3000  min 

3200  min 

4400  min 

Coercive  Force 

Oersted 

.23  max 

.5  max 

.25  typ 

.20  TYP 

Bulk  Resistivity 

ohm-cm 

10®  min 

10®  min 

10s 

I 00  aoprox 
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Support  Electronics 


Magnetic  Sharpening 

A  fast  risetime  in  this  application  is  desirable 
for  two  reasons.  First,  in  orde*-  to  maintain  the 
reliability  of  the  10  unit  Nova  plasma  shutter 
system,  involving  ten  units,  each  with  redundant 
triggers,  timing  of  eight  different  shutter  fire 
events  with  respect  to  the  input  trigger  is  measured 
and  analyzed  with  the  computer  system.  Timing  dis¬ 
crepancies  in  excess  of  five  to  ten  nanoseconds  will 
not  degrade  system  performance  but  will  be  an  indica¬ 
tion  that  maintenance  is  required.  This  threshold 
discrepancy  is  short  in  comparison  with  a  22  nano¬ 
second  trigger.  The  second  factor  to  consider  is  the 
improved  performance  of  the  rail  gap  switches  with 
fast  triggers.  Multichanneling  is  enchanced,  with 
resultant  lower  inductance,  lower  time  jitter  and 
longer  life.  The  rail  gap  designer  has  specified  a 
trigger  risetime  of  10  nanoseconds  or  less  to  opti¬ 
mize  this  effect. 

Our  improving  understanding  of  the  magnetics  and 
of  the  switch  led  us  to  explore  a  simple  magnetic 
sharpening  switch  for  the  unit.  Sharpening  was  added 
at  the  secondary  side,  since  the  1.2  ohm  impedance  at 
the  primary  severely  restricts  the  geometry  one  can 
use  without  significantly  Increasing  primary  loop 
inductance.  The  same  Nl-Zn  ferrite  in  the  output 
transformer  has  good  characteristics  as  a  switch,  so 
some  smaller  cores  of  CM05005  material  were  obtained 
and  tested.  The  concept  was  proven  In  surprisingly 
short  order.  Compression  to  the  eight  to  ten  nano¬ 
second  regime  were  attained,  along  with  a  ten  percent 
increase  in  output  voltage.  The  implementation  is 
shown  schematically  in  Figure  3.  The  series 
sharpener  Isolates  the  main  switch  from  the  25  ohm 
resistive  load,  allowing  the  thyratron  to  turn  on  In 
less  than  10  nanoseconds.  An  initial,  high  voltage 
pulse  is  Impressed  on  the  300  pf  capacitor  which 
forms  an  interim  energy  store.  Saturation  of  the 
switch  after  approximately  eight  nanoseconds  switches 
out  the  pulse,  with  the  charged  capacitor  providing  a 
low  Impedance  source  for  the  leading  edge. 

Two  air  core  isolation  chokes  are  used  to  allow 
the  low  voltage  2.5  ampere  bias  source  to  simulatane- 
ously  reset  both  the  sharpener  and  the  output  trans¬ 
former  as  shown  in  the  figure.  The  effect  of  bias 
changes  is  minimal  provided  that  at  least  1.75 
amperes  is  maintained,  so  this  source  is  unregulated. 


MAGNETIC  SWITCH  SCHEMATIC 
Figure  3 


A  switching  regulator  was  the  logical  choice  for 
the  low  voltage  power  conditioning  in  the  unit.  Both 
compactness  and  high  efficiency  Inherent  In  that 
approach  are  Important  properties  since  the  trigger 
units  are  redundant  and  mount  In  the  compact  SFg 
filled  pulser  housing.  The  supply  design  is 
straightforward,  operating  directly  off  the  a.c.  line 
and  switching  at  2*1  kHz.  6.3  volts  at  approximately 
nine  amperes  are  provided  for  the  thyratron  fllaieent 
and  reservoir.  Remote  sensing  capability  is  provided 
to  ensure  accurate  regulation  at  the  tube.  No 
attempt  was  made  to  separately  supply  filament  and 
reservoir  so  that  optimal  operating  voltages  could  be 
provided  for  each.  It  is  likely  that  some  perfor¬ 
mance  increase  could  have  been  obtained  by  separately 
fine  tuning  filament  and  reservoir,  but  this  was 
unnecessary  with  the  addition  of  magnetic  sharpening. 

A  220  volt  supply  is  also  included  for  the  SCR 
pulser  and  optical  receiver.  A  resistive  divider 
from  this  supply  also  provides  -k50  volts  of  cathode 
bias.  It  is  interesting  to  note  that  the  grounded 
grid  thyratron  will  operate  quite  well  with  zero  bias 
between  grid  and  cathode.  Occassional  prefires  do 
occur  under  these  conditions,  however.  The  filament 
supply  floats  on  this  bias  voltage.  A  high  voltage 
three  terminal  regulator,  the  Texas  Instruments 
TL783,  provides  the  220  volt  regulation.  A  lnw  vol¬ 
tage,  unregulated  supply  provides  approximately  2.5 
amperes  of  bias  current  for  the  magnetics,  with  the 
current  limited  by  the  d.c.  resistance  of  the  isola¬ 
tion  chokes  In  the  high  voltage  section. 

All  these  supplies  must  tolerate  the  noise  pulse 
generated  when  the  trigger  unit  fires.  Various  forms 
of  passive  isolation  filtering,  combined  with  careful 
packaging  attention,  ensure  that  circuit  damage  does 
no*  occur  in  this  severe  environment.  Two  stages  of 
a.  .  line  filtering  are  also  included  to  prevent 
r>;sr  conduction  to  the  low  level  electronics  outside 
the  pulser  housing. 

Packaging 

A  1  l'-ge  effort  has  gone  Into  the  packaging  of 
this  ur  > ; .  A  small  package  was  desired,  consistent 
with  the  llmlnted  space  in  the  pulser  housing.  High 
voltage  is  Involved,  and  a  solid  dielectric  system 
was  selected  for  compactness  and  slnpllcity.  A  sepa¬ 
rate  low  level  electronics  compartment  was  created  to 
shield  the  power  supply,  and  the  SCR  pulser  Is  pro¬ 
vided  with  a  separate  enclosure  within  that  coepart- 
ment  for  double  shielding. 

The  transformer  and  magnetic  switch  are  Insulated 
using  a  system  of  solid  dielectrics.  Although  yield¬ 
ing  the  desired  compactness  and  simplicity,  this 
approach  requires  careful  attention  to  detail  so  that 
reliability  Is  not  sacrificed.  Our  confidence  In  the 
dielectric  Integrity  Is  reinforced  by  the  excellent 
performance  of  two  prototypes  and  several  brass- 
boards,  none  of  which  were  as  conservatively  designed 
or  meticulously  Implemented  as  the  production  ver¬ 
sion.  Finally,  the  solid  dielectric  system  is  used 
only  on  the  pulse  side  of  the  unit  at  low  repetition 
rate;  no  d.c.  high  voltage  Is  Inpressed  on  the  potted 
unit. 

Dow  Corning  DC-3110  1$  the  encapsulant  used. 
Additional  dielectric  Integrity  for  the  secondary  Is 
provided  by  an  acrylic  tube  and  plate  system  for  the 
transformer  secondary,  with  a  compressed  silicone 
gasket  between  them.  The  use  of  compressed  elastomer 
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PROTOTYPE  PULSER  PACKAGE 


Figure  4 


gaskets  to  yield  near  bulk  dielectric  strength  along 
material  Interfaces  «as  extensively  Investigated^ 
and  this  technique  Is  used  throughout  the  plasma 
shutter. 


Figure  4  shows  the  most  recent  prototype,  which 
Is  configured  similarly  to  the  final  unit  now  In 
detail  design.  The  prime  difference  In  production 
chassis  will  be  an  Increase  In  height  of  approxi¬ 
mately  four  cm  to  acconmodate  the  magnetic  switch  and 
to  allow  additional  low  level  circuit  board  area. 
Production  dimensions  will  be  19  cm  wide  x  23  cm  high 
x  38  cm  long,  figure  5  gives  two  cross  sections  of 
this  layout. 


Conclusions 

By  combining  a  grounded  grid  thyratron,  a  fast 
ferrite  loaded  step-up  transformer,  and  output  mag¬ 
netic  sharpening,  a  high  performance  pulse  generator 
has  been  developed  suitable  for  triggering  large  gas 
switches.  It  is  apparent  that  this  technology  could 
also  be  applied  elsewhere,  with  higher  repetition 
rates,  opposite  polarity  output,  or  use  with  pulse 
forming  networks  in  place  of  the  simple  capacitive 
energy  store  possible.  Such  a  compact  device  has 
requried  great  attention  to  detail,  particularly  in 
terms  of  solid  dielectric  integrity,  and  extensive 
testing  will  be  carried  out  on  production  prototypes 
as  they  become  available. 
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Introduction 


This  paper  is  a  report  on  the  design,  development, 
testing,  and  present  status  of  the  re-build  program  of 
a  high  power,  high  voltage  pulse  transformer. 

The  unit  was  originally  designed  under  the  aus¬ 
pices  of  Mr,  J.  O'Laughlin,  AFWL,  and  was  constructed 
by  the  Raytheon  Corporation.  It  is  not  the  intention 
of  this  paper  to  discuss  in  detail  the  multiple  as¬ 
pects  of  the  transformer  design;  however,  a  few  general 
comments  on  the  design  of  such  a  unit  may  be  in  order. 


Design 

The  design  goals  of  the  transformer  were  as  fol¬ 
lows: 


Output  voltage 
Output  current 
Input  voltage 
Pulse  width  (90S) 

Pulse  rise  time  (10-9OX) 

Pulse  droop  (10  y  sec.) 

Pulse  rep  rate 

Burst  mode 

Volume 

Weight 


163  kV 
32  kA  Peak 
19.2  kV 
10  n  sec. 

2.0  _u  sec.  max. 

IS  max. 

12S  pps 

100  sec.  on;  10  min.  off 
0.S3  cu.  met.  max. 

500  kg.  max. 


Considering  the  enormous  peak  power  levels  in¬ 
volved  in  such  a  device,  it  might  be  thought  that 
thermal  consideration  would  present  a  predominant  de¬ 
sign  limitation.  However,  because  of  the  low  duty 
cycle  (0.125X  on  during  burst),  and  the  long  period 
between  bursts,  it  is  possible  to  design  the  units 
under  adiabatic  conditions  (total  lost  energy  absorbed 
in  the  temperature  rise  of  the  core  and  colls  during 
the  burst)  and  still  obtain  reasonably  sized  conduc¬ 
tors. 


A  more  difficult  problem  is  to  obtain  a  design 
exhibiting  a  low  enough  leakage  inouctance  to  achieve 
the  required  pulse  rise  time.  The  leakage  inductance 
design  goal  for  this  transformer  was  0.1  microhenry 
maximum.  The  leakage  inductance  of  a  layer-wound  coil 
may  be  estimated  from  the  expression 

L  *  3.19E-8  N2  I/n2h  +  ESpJ 

where  L  *  leakage  inductance,  henrys 
N  *  number  of  turns 
1  ■  mean  length  per  turn,  inches 
n  *  number  of  Interleaves 
h  *  height  of  conductor  layer,  inches 
ECu  *  total  thickness  of  conductor,  inches 


The  completed  unit  Is  an  Iron  core  transformer, 
using  copper  sheet  conductors.  Layer-to-layer  and 
windlng-to-windlng  insulation  is  provided  by  multiple 
wrappings  of  5  mil  mylar,  separated  by  kraft  paper. 

The  entire  assembly  is  Immersed  in  a  liquid  dielectric 
(ethylene  glycol). 

Figures  1  and  2  show  the  completed  unit.  The 
large  unit  to  the  right  in  these  figures  is  a  trans¬ 
former  built  to  essentially  the  same  specifications, 
but  designed  conservatively  with  no  low-weight  goals. 
That  unit  weighs  approximately  10,000  lbs. 

Figure  3  is  a  view  of  the  core-coil  assembly 
before  immersion  in  the  dielectric  tank.  The  unit 
uses  a  cut  core  (C-core).  These  are  two  colls  in  par¬ 
allel,  one  around  each  core  leg.  The  parallel  high 
voltage  terminations  can  be  seen  at  the  left  of  the 
structure.  The  feed-throughs  on  the  top  cover  are 
utilized  for  a  distributed  primary  input,  in  order  to 
maintain  a  low  Inductance  feed  path. 


ESp  *  total  thickness  of  insulation  between 
windings,  inches 


Leakage  inductance  can  be  reduced  by  minimizing 
the  number  of  turns,  the  mean  length  per  turn,  and  the 
conductor  and  insulation  thickness,  or  by  maximizing 
the  number  of  Interleavings  and  the  conductor  height. 
However,  these  parameters  are  inter-dependent,  some¬ 
times  in  an  indirect  fashion.  For  example.  Increasing 
the  number  of  Interleavings  reduces  leakage  Inductance, 
but  It  also  increases  the  total  inter-winding  insula¬ 
tion  thickness  and  the  mean  length  per  turn,  both  of 
which  Increase  the  leakage  Inductance.  Because  of 
their  effect  on  the  core  window  area  and  form  factor, 
the  total  transformer  size  and  weight  are  also  strong¬ 
ly  dependent  on  the  values  of  these  parameters.  Their 
selection  and  evaluation  form  a  large  part  of  the 
design  process. 
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Following  completion  of  the  build  and  checkout  of 
the  transformer,  it  was  shipped  to  U.S.  Army  ERADCQM, 
Ft.  Monmouth,  New  Jersey,  for  testing. 

High  voltage/high  power  test  of  the  iron  core 
transformer  utilized  a  brassboard  line  type  modulator. 
Initially,  only  3  one  megawatt  average  power  modules 
of  the  multimegawatt  device  were  used.  The  test  plan 
was  to  first  evaluate  high  voltage  performance  before 
proceeding  to  high  average  power  levels.  To  that  end, 
charging  chokes  totaling  9.5  henries  were  used  to  ob¬ 
tain  a  resonant  frequency  of  6.8  Hz.  Relevant  pulser 
characteristics  are  given  below. 

PULSER  CHARACTERISTICS  (3  MODULES) 

Peak  Voltage  40  kV 

Energy  24  kJ 

Peak  Current  120  kA 

Pulse  Width  11  y  sec 

Rise  Time  1  y  sec 

Pulse  Rep  Rate  6.8  Hz 

Impedance  0.167  ohm 

The  secondary  of  the  pulse  transformer  was  con¬ 
nected  to  a  low  inductance  copper  sulfate  load  with  a 
nominal  impedance  of  12  ohms.  The  transformer  was 
provided  with  a  separate  bias  reactor  during  the  bulk 
of  the  testing  to  be  described  to  provide  50  Amps  dc 
of  core  reset. 

The  voltage  was  increased  slowly  until  8.1  kV  was 
measured  at  the  primary  of  the  pulse  transformer.  Fig¬ 
ure  4  shows  the  load  current  and  voltage  obtained  at 
this  point.  The  measured  secondary  voltage  was  70  kV 
giving  a  calculated  step-up  ratio  of  8.7.  The  load 
current  was  6  kA.  The  rise  time  from  the  10*  to  the 
90*  point  was  2.2  y  sec.  and  the  fall  time  over  the 
same  interval  was  4.5  y  sec. 

The  first  indication  voltage  breakdown  inside  the 
pulse  transformer  occurred  when  the  secondary  voltage 
reached  106  kV  at  a  load  current  of  9.5  kA  (Figure  5). 
The  power  was  shut  off  after  a  breakdown  was  heard  in 
the  transformer.  No  external  signs  of  arcing  were 
visible  and  the  test  continued.  On  the  next  run,  where 
the  voltage  was  increased  in  a  stepwise  fashion,  two 
breakdowns  were  heard  at  a  secondary  voltage  of  117  kV 
and  a  load  current  of  10.2  kA.  After  the  two  failures, 
the  pulse  transformer  continued  to  run  below  secondary 
voltages  of  less  than  100  kV.  The  last  attempt  to 
increase  the  voltage  reached  a  secondary  voltage  of 
122  kV  and  a  load  current  of  9.8  kA  before  a  series  of 
breakdowns  occurred.  The  slightly  lower  value  of  load 
current  here  is  due  to  higher  impedance  of  the  liquid 
load.  After  this  failure,  glycol  was  seeping  out  of 
the  seal  on  the  transformer  case  and  testing  was  term¬ 
inated  and  sent  to  Clarence  Controls,  Inc.  for  failure 
analysis. 


Figure  4 

UPPER  TRACE:  Load  Voltage,  20kV/cm 
LOWER  TRACE:  Load  Current,  2KA/em 


Figure  5 


UPPER  TRACE:  Load  Voltage  50kV/cm 
LOWER  TRACE:  Load  Current  5kA/cm 


Failure  Analysis 

Upon  receipt  at  Clarence  Controls,  Inc.,  the 
transformer  had  been  mostly  drained  of  dielectric.  A 
few  inches  of  a  dark  brown,  oily  substance  remained  in 
the  bottom  of  the  tank.  This  was  presumed  to  be 
ethylene  glycol,  but  no  effort  at  analysis  was  made, 
due  to  the  extreme  degree  of  contamination. 


The  core-coil  assembly  is  mounted  to  a  plate, 
which  in  turn  is  suspended  from  the  top  cover  by  four 
support  rods,  bolted  at  the  mounting  plate  and  welded 
to  the  top  cover.  One  of  these  rod-to-cover  welds 
had  broken  and  subsequent  inspection  showed  cracks  in 
the  three  remaining  welds. 

The  disassembly  sequence  is  shown  in  figures  6 
through  11. 

In  figure  6,  the  high  voltage  bushing  has  been 
removed  and  the  cover,  along  with  the  core-coil  assem¬ 
bly,  has  been  removed  from  the  core.  The  assembly  is 
inverted  as  shown. 

Figure  7  is  similar  to  figure  6,  but  showing  the 
side  on  which  the  failure  occurred. 

In  these  two  figures  (6  and  7),  the  paralleled 
coil  output  terminations  may  be  seen.  The  two  sep¬ 
arate  coils  had  been  over-wrapped  with  20  layers  of 
5  mil  mylar. 

Figure  8  is  a  view  of  the  damaged  coil  after  the 
first  10  layers  of  outer  wrap  had  been  removed.  Note 
the  evidence  of  arcing  in  the  remaining  outer  wrap 
insulation  and  in  the  mylar  sleeve  around  the  primary 
ground  terminal  below  the  outer  wrap. 

Figure  9  is  a  view  of  the  same  area  with  all  the 
outer  wrap  insulation  removed  along  with  the  primary 
ground  mylar  sleeve  insulation.  The  coil  insulation 
seen  here  is  the  outermost  wrap  of  the  individual 
damaged  coil. 


Figure  7 


Figure  9 


In  figure  10,  the  core-coil  assembly  has  been 
removed  from  the  cover  and  re-inverted  to  its  normal 
position. 

Finally,  figure  11  is  a  view  of  the  damaged  coil 
after  removal  from  the  core  structure.  Results  of 
the  failure  were  evident  throughout  the  seven  layer 
thickness  of  the  outer  secondary  winding,  but  appeared 
to  be  most  predominant  at  the  outermost  (highest  volt¬ 
age)  copper  layer. 

It,  therefore,  appears  that  the  breakdown  occurred 
from  the  outermost  secondary  copper  layer  to  the  cen¬ 
ter  grounded  strap  of  the  outer  primary  winding.  A 
similar  voltage  gradient  condition  exists  adjacent  to 
the  grounded  straps  of  the  outer  primary  winding  at 
each  end  of  the  coil,  except  that  at  the  termination 
end,  5  x  12  inch  5  mil  thick  mylar  pad  was  inserted 
between  each  layer  of  insulation  between  the  outer 
secondary  and  the  outer  primary.  This  type  of  barrier 
should  be  provided  adjacent  to  all  coll  termination 
straps. 


A  detailed  analysis  of  the  localized  field  dis¬ 
tributions,  as  conducted  by  Or.  A.  S.  Gilmour,  Jr.,  of 
the  State  University  of  New  York  at  Buffalo,  follows. 
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Figure  10 


Figure  11 


A  cross  sectional  view  of  the  subject  transformer 
is  shown  in  Figure  12.  The  primary  design  voltage  was 
20  kV  and  the  secondary  design  voltage  was  163  kV. 

The  pulse  width  was  10  y  sec.  This  section  contains 
an  analysis  of  the  potential  distributions  and  elec¬ 
tric  fields  in  ana  near  the  windings.  Particular 
emphasis  is  given  to  the  high-field  region  identified 
in  figure  12.  This  is  the  region  at  the  edge  of  the 
outer  foil  of  the  secondary  winding  on  the  transforme.- 
where  failure  occurred.  The  failure  mode  was  severe 
arcing  in  two  locations  at  the  edge  of  the  foil.  A 
separate  report  contains  analytical  derivations  of 
typical  field  and  potential  distributions  found  in 
transformers  and  capacitors.  The  primary  result  of 
these  derivations  is  a  calculation  of  the  field  en¬ 
hancement  factor  at  the  edge  of  a  foil  in  a  trans¬ 
former  or  capacitor. 

Winding  Configuration 

Each  of  the  two  coils  of  the  transformer  con¬ 
sisted  of  several  windings.  As  is  shown  in  figure  13, 
two  primary  windings  were  interleaved  between  three 
secondary  windings.  This  configuration  resulted  in  a 
calculated  leakage  inductance  of  less  than  0.1  pH  for 
the  entire  transformer. 

The  conductors  used  for  the  windings  were  copper 
foil.  For  secondary  windings  #1  and  #2  the  foil  was 
5  inches  wide  and  0.008  inch  thick.  For  secondary 
winding  #3  the  foil  was  4  inches  wide  and  0.008  inch 
thick.  For  the  primary  windings,  the  foils  were  5 
inches  wide  and  0.032  inch  thick.  (Each  0.032  inch 
thick  conductor  consisted  of  2  each  0.016  inch  con¬ 
ductors).  The  numbers  of  turns  on  the  windings  were: 


Secondary  *1  7 
Secondary  #2  12 
Secondary  *3  6 
Primary  #1  3 
Primary  #2  3 
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connected  so  that  the  high-voltage  side  was  adjacent 
to  the  core.  Then,  the  potential  of  the  winding  de¬ 
creased  as  distance  from  the  core  increased.  The  low 
voltage  side  was  approximately  0.25  inch  from  the 
core. 


The  potential  at  the  center  of  the  Insulating 
layer  between  secondary  winding  #1  and  the  core  is 
shown  to  drop  linearly  from  the  voltage  level  at  the 
inner  surface  of  the  winding  to  zero  at  the  core.  At 
the  edge  of  secondary  winding  #2,  toward  the  core,  the 
potential  distribution  in  the  insulation  is  shown  to 
be  concave  downward.  Thus,  the  electric  field  at  the 
inner  surface  of  the  inner  conductor  of  secondary 
winding  #1  is  higher  near  the  edge  of  the  winding 
than  at  the  center  of  the  winding. 

As  distance  from  the  core  and  from  secondary  #1 
increases,  the  potential  Increases  through  primary  #1 
and  then  through  secondary  #2.  From  the  high  side  of 
secondary  #2,  the  potential  drops  to  zero  through 
primary  #2  and  then  increases  to  the  maximum  value  of 
163  kV  at  the  outer  side  of  the  3rd  secondary  wind¬ 
ing.  The  potential  then  drops  rapidly  through  the 
layer  of  mylar/kraft  insulation  surrounding  secondary 
*3.  Because  of  the  high  dielectric  constant  of  the 
ethylene  glycol,  the  potential  drop  across  this  fluid 
is  small.  Finally,  there  is  a  substantial  potential 
drop  across  the  relatively  low  dielectric  constant 
insulating  liner  of  the  transformer  tank. 

Insulation  failure  occurred  in  the  high  field 
region  (encircled  region  #3  in  figure  14)  at  the  edge 
of  the  outermost  layer  of  secondary  #3.  There,  as  is 
shown  by  the  dashed  line,  the  gradient  in  potential 
was  extremely  high. 


Electric  Field  Calculations 


Two  techniques  were  used  for  determining  electric 
field  distributions  in  the  high  field  regions  of  the 
transformer  windings.  The  three  high  field  regions 
designated  by  circles  I,  2  and  3  in  figure  14  were 
considered.  Analytical  techniques  were  used  for  re¬ 
gions  1  and  2.  For  region  3,  potential  contours  were 
determined  by  a  finite  difference  technique.  The 
fields  in  region  3  are  calculated  to  be  far  larger 
than  in  regions  1  and  2  and  are  considered  first. 


Figure  13.  Winding  and  insulation  configuration  in 
5  GW  pulse  transformer 


The  windings  were  separated  and  surrounded  by 
sheets  of  0.005  inch  mylar  separated  by  0.001  Inch 
kraft  paper.  The  entire  transformer  was  innersed  in 
ethylene  glycol.  Thus,  the  dielectric  constant  of 
the  insulation  system  ranged  from  2.5  for  mylar  to 
40  for  ethylene  glycol. 

Potential  Distribution 

The  potential  distribution  throughout  the  wind¬ 
ings  is  plotted  vs  distance  from  the  core  in  figure 
14.  Winding  locations  are  indicated  by  the  finely 
cross  hatched  areas.  The  uppermost  solid  line  is  the 
potential  distribution  near  the  center  of  each  wind¬ 
ing.  The  dashed  lines  show  the  potential  distribu¬ 
tion  at  the  edges  of  the  windings. 

Thus,  for  example,  secondary  winding  #1  was 


Shown  in  figure  15  are  the  details  of  the  winding 
and  insulation  configuration  near  region  3.  The  sur¬ 
faces  defining  the  potential  distribution  are  the 
secondary  winding  with  voltages  from  120  to  163  kV, 
and  the  wall  of  the  transformer  tank  and  the  low-side 
connection  to  the  primary  winding,  all  at  zero  poten¬ 
tial. 

Shown  in  figure  16  are  the  equipotential  con¬ 
tours  near  the  edge  of  the  outer  turn  of  the  secondary 
winding.  The  edge  of  the  winding  is  shown  with  square 
corners  because  the  copper  foil  used  to  fabricate  the 
winding  was  sheared  and  the  edges  were  not  rounded 
prior  to  use  in  the  transformer.  As  was  indicated  in 
figure  14,  the  effect  of  the  ethylene  glycol  was  to 
force  an  extremely  sharp  potential  gradient  in  the 
mylar/kraft  insulation  layer  surrounding  the  secondary 
winding. 

The  field  level  between  the  130  kV  and  150  kV 
contours  in  figure  16  is  on  the  order  of  1000  V/mil. 
The  direction  of  this  field  is  predominantly  perpen¬ 
dicular  to  the  surface  of  the  winding.  If  the  Insul¬ 
ation  was  not  defective,  it  should  be  able  to  with¬ 
stand  this  field  level. 
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Figure  16.  Equipotential  Contours  in  High  Field  Region 
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Figure  18.  Field  enhancement  factor  as  a  function  electrode  edge 

radius  normalized  with  respect  to  electrode  separation. 
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Between  the  130  kV  and  150  kV  contours  near  the 
edge  of  the  winding,  the  direction  of  the  field  is 
predominantly  parallel  to  the  surfaces  of  the  layers 
of  insulation.  A  level  of  1000  V/mil  along  the  sur¬ 
face  of  an  insulating  layer  is  extremely  high  and 
would  very  likely  cause  failure  of  the  insulation. 

Near  the  edge  of  the  outer  turn  of  the  secondary 
winding,  ^he  field  is  far  above  1000  V/mll.  In  par¬ 
ticular,  the  field  at  the  corner  of  the  conductor  is 
extremely  high.  This  field  may  be  estimated  with  the 
aid  of  equations  that  have  been  derived  for  electrode 
and  potential  configurations  similar  to  that  near  the 
corner  of  the  winding.  For  example,  for  concentric 
cylinders  and  for  a  cylinder  parallel  to  a  plane 
plate,  the  electric  field  is  as  shown  in  figure  17. 

The  field  at  the  corner  of  the  outer  winding  is  com¬ 
parable  to  the  field  at  the  surface  of  the  cylindri¬ 
cal  conductor  of  radius,  r,  in  figure  17.  The  150  kV 
potential  profile  has  a  curvature  between  that  of  the 
outer  cylindrical  electrode  and  that  of  the  plane  in 
figure  17.  Thus,  we  would  expect  the  field  enhance¬ 
ment  factor,  F,  for  the  corner  of  the  electrode  in 
figure  16  to  fall  between  the  two  curves  in  figure  17. 

The  radius  of  curvature  of  the  corner  of  the 
sheared  edge  of  the  outer  turn  of  the  secondary  is 
not  known,  however,  it  is  certainly  far  less  than 
0.001  inch.  The  spacing  between  the  150  kV  profile 
and  the  corner  of  the  electrode  (which  corresponds  to 
a, in  figure  17)  is  about  0.007  inch.  As  a  result  r/a 
is  much  less  than  0.1  and  so  the  field  enhancement 
factor,  F,  is  on  the  order  of  7  to  10.  Multiplying 
AV/a  at  the  corner  of  the  electrode  (163  kV-150  kV 
or  13  kV  divided  by  0.007  inch)  by  F,  the  field  at  the 
corner  is  found  to  be  well  in  excess  of  10,000  V/mil! 
To  make  matters  even  worse,  a  significant  component 
of  this  field  is  parallel  to  the  surface  of  the  in¬ 
sulation  layers  This  field  Is  far  too  high  to  be 
supported  by  the  insulation  and  failure  is  to  be 
expected. 

The  field  in  regions  1  and  2  of  figure  14  may  be 
estimated  with  the  aid  of  the  profiles  shown  in  fig¬ 
ure  18.  One  is  triangular  and  the  other  is  basically 
tent  shaped.  For  this  analysis,  the  radius  of  curva¬ 
ture  of  the  edge  of  the  high  voltage  electrode  is 
assumed  to  be  one  half  of  the  thickness  of  the  elec¬ 
trode.  As  a  result,  the  field  enhancement  factors 
that  are  calculated  are  less  than  are  present  for 
sheared  electrodes  such  as  those  in  the  subject 
transformer. 

One  side  of  each  the  potential  profiles  in  re¬ 
gions  1  and  2  of  figure  14  is  like  the  triangular 
profile  of  figure  18  and  the  other  side  is  like  the 
tent  shaped  profile.  As  a  result,  the  field  enhance¬ 
ment  factors  for  regions  1  and  2  would  be  expected  to 
fall  between  the  two  lines  given  in  figure  18.  Since 
the  normalized  radius  for  regions  1  and  2  is  In  the 
range  of  .01  to  .03,  the  field  enhancement  factors 
for  electrodes  with  rounded  edges  would  be  approxi¬ 
mately  5.  For  sharper  cornered  electrodes  this 
factor  would  probably  be  in  excess  of  10.  Thus,  the 
maximum  field  In  regions  1  and  2  of  figure  14  would 
be  in  the  range  of  2000  to  3000  V/mil  parallel  to 
the  surface  of  the  layers  of  Insulation.  This  Is  well 
In  excess  of  the  field  level  that  can  be  expected  to 
be  supported  in  these  regions  and  so  failure  can  be 
expected  to  occur  eventually  even  though  It  did  not 
occur  during  the  very  brief  testing  performed  on  the 
subject  transformer. 


Failure  Analysis  Summary 

In  summary,  the  configurations  of  the  windings 
and  the  insulation  system  In  the  subject  5  GW  pulse 
transformer  have  been  described.  The  potential  pro¬ 
files  within  the  windings  have  been  determined  and 
three  regions  in  which  extremely  high  field  levels 
existed  have  been  identified.  The  electric  fields  in 
these  regions  have  been  calculated.  The  highest  field 
level  is  in  the  region  where  failure  of  the  trans¬ 
former  occurred  and  is  estimated  to  have  been  well  in 
excess  of  10,000  V/mil.  The  field  level  in  the  other 
two  regions  is  estimated  to  have  been  in  the  2000  to 
3000  V/mil  level  in  a  direction  parallel  to  the  sur¬ 
face  of  the  insulation.  This  high  field  level  would 
probably  have  resulted  in  eventual  failure  of  the 
transformer,  had  it  not  already  failed  because  of 
breakdown  in  region  3. 

One  of  the  reasons  for  the  extremely  high  field 
levels  at  the  edges  of  the  windings  is  that  the  copper 
foil  used  for  winding  fabrication  was  sheared  and  the 
edges  were  apparently  not  subsequently  treated  to 
remove  the  sharp  corners  resulting  from  shearing. 

Even  if  the  edges  of  the  foils  had  been  rounded,  field 
levels  would  have  been  very  high  and  failure  may  have 
resulted.  Improved  winding  and  insulation  configura¬ 
tions  would  be  necessary  to  prevent  failure. 

Dr.  Gilmour's  analysis  provides  valuable  Insight 
into  the  problems  of  very  high  localized  potential 
gradients  and  possible  failure  modes.  However,  the 
existence  of  high  local  potential  gradients  based  on 
static  voltage  conditions  does  not  necessarily  result 
in  a  catastrophic  failure.  Such  a  failure  will  occur 
only  if  a  sufficiently  conductive  path  to  a  potential 
sink  (ground)  is  present  for  the  energy  involved. 

Such  a  path  was  present  in  the  subject  transformer  to 
the  outer  primary  ground  strap.  The  introduction  of 
dielectric  barrier  into  this  path  will  prevent  repe¬ 
tition  of  the  breakdown  in  the  rebuilt  transformer. 
Because  of  the  high  surface  potential  gradients,  there 
will  be  surface  charge  flow,  leading  to  a  potential 
field  redistribution.  These  capacitance-like  effects 
will  result  in  dielectric  losses,  but  they  should  not 
be  significant,  particularly  for  short  term  consider¬ 
ations. 

Transformer  Rebuild 

The  subject  transformer  was  rebuilt  by  Clarence 
Controls,  Inc.  The  cores  and  case  assembly  were 
cleaned  and  re-used.  The  coils  were  re-wound,  using 
all  new  materials.  Changes  and/or  precautions  taken 
in  the  re-winding  procedure  included: 

1.  Foil  edges  were  hand  finished  to  eliminate 
burrs  and  produce  a  smooth  rounded  edge. 
Insofar  as  possible. 

2.  Primary  and  secondary  grounds  were  brought 
out  separately,  to  simplify  Instrumentation 
and  testing. 

3.  Additional  insulating  pads  were  inserted 
adjacent  to  all  coll  termination  straps. 

At  the  time  the  abstract  for  this  paper  was  writ¬ 
ten,  It  was  expected  that  the  rebuild  and  testing  of 
the  transformer  would  have  been  completed  by  the  time 
of  this  presentation,  and  the  results  could  have  been 
reported.  For  various  reasons,  the  program  Is  about 
six  to  eight  weeks  behind  schedule,  and  the  rebuilding 
is  Just  being  completed.  It  Is  expected  that  testing 
of  the  rebuilt  transformer  will  be  completed  at 
ER ACCOM,  Ft.  Monmouth  by  the  end  of  July  1982.  Re¬ 
sults  of  these  tests  will  be  published  as  soon  as  they 
are  available. 
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ABSTRACT 


Pulse  power  requirements  for  laser  Isotope  sepa¬ 
ration  (LIS)  call  for  an  output  switch  capable  of 
switching  60  kV  into  a  0.5  oha  load  with  an  iuduet- 
ance  of  10  nH  and  life  exceeding  108  shots.  With  the 
exception  of  life,  these  requirements  can  in  principle 
be  attained  with  advanced  multichannel  spark  gaps. 
The  limitation  on  life  occurs  because  electrode  ero¬ 
sion  of  the  channels  pits  the  electrodes.  Channeling 
can  be  avoided  with  preionization  as  done  in  lasers. 
We  have  analyzed  the  feasibility  of  using  preionlza- 
tlon  to  inhibit  the  formation  of  channels  in  a  rep- 
rated  gas  switch.  One  technique  includes  the  use  of 
X-rays  from  a  thermionic  diode.  This  X-ray  generator 
can  provide  prelonization  electron  densities  in  the 
raaga  of  10?  to  108  cm-3  as  required  to  promote  uni¬ 
form  discharge  at  atmospheric  pressures.  Detailed 
design  of  a  system  capable  of  meeting  the  LIS  require¬ 
ments  is  presented. 

•This  work  was  funded  by  Los  Alamos  National 
Laboratory,  Order  Number  9-L62-7440U-2. 

INTRODUCTION 

Pulsars  for  laaar  isotope  separation  take  the 
general  fora  of  a  pulse-charged  transmission  line 
which  is  repetitively  discharged  into  a  laser  load.  A 
critical  component  in  the  pulser  is  the  output  switch 
that  repetitively  discharges  the  pulseline  into  the 
laaar,  then  recovers  during  the  Interpulse  period.  In 
one  design,  the  output  switch  is  located  between  the 
charged  pulseline  and  the  laser  load,  as  shown  in  a 
simplified  view  in  Figure  1.  The  pulsapowar  require¬ 
ments  for  this  output  switch  call  for  a  60  kV,  75  kA, 
low  Inductance  svltch  capable  of  operating  at  a 
1250  Hz  pulse  repetition  rata.  The  specifications  are 
shown  in  Table  1.  Once  perfected,  these  rap-rate 
pulsars  may  be  Installed  in  plants  which  must  operste 
for  weeks  without  significant  down  time  or  mainten¬ 
ance.  Therefore,  an  important  requirement  for  the 
switches  is  their  lifetime,  which  should  exceed  10? 
discharges  la  order  to  attain  weeks  of  continuous 
operation. 


Figure  1.  Simplified  croaa-tection  of  pulseline, 
output  switch  and  laser. 


TABLE  1 

SWITCH  PARAMETERS  FOR  LASER  ISOTOPE  SEPARATION  PULSERS 


Parameter 

Specification 

Voltage 

60  kV 

Rep-rate 

To  1250  Hz 

Pulse  width 

60  nsec 

Coulombs  per  pulse 

5  mC 

Energy  loss 

<10  percent  of  switched 

energy 

Jitter 

2.5  ns 

Current 

75  kA 

Voltage  reversal 

100  percent 

Inductance 

<10  nH 

Life 

>108  closures 

Were  it  not  for  the  lifetime  requirement,  gas- 
plasma  rail  switches  developed  over  the  last  five 
years  would  meet  the  requirements  with  only  modest 
improvement.  These  conventional  rail  switches  operate 
by  generating  channels  which  emanate  from  a  field- 
enhanced  trigger  electrode.  Plasma  channels  cause 
erosion  of  the  electrodes  at  a  rate  which  appears  to 
exclude  this  type  of  rail  switch  from  the  long  lived 
applications  of  interest  to  the  isotope  separation 
plant  designer . 

One  approach  to  the  elimination  or  reduction  of 
erosion  is  to  prevent  plasma  channeling  in  rail 
switches.  To  accomplish  this,  we  adapted  che  technol¬ 
ogy  developed  for  preionized  discharge  lasers. 
Preionized  discharge  lasers  operate  by  initially  con¬ 
ditioning  an  appropriate  gas  mixture  with  ionization 
and  excitation  by  fast  electrons,  UV  light  or  X-rays. 
Subsequently,  a  fast  risetime  uniform  field  of 
1-10  kV/cm  is  applied  which  causes  the  gas  to  undergo 
a  steady  uniform  discharge  for  periods  up  to  about 
100  ns* 

During  this  discharge,  energy  is  being  pumped 
into  the  laser  medium  which  serves  as  the  load.  For 
efficient  laser  pumping,  the  effective  resistance  of 
che  laser  load  should  match  the  pulser  impedance.  In 
cases  of  Interest  co  a  laser  Isotope  separation  pro¬ 
gram,  the  load  resistance  is  in  che  range  of  0.5  oha. 
In  practice,  che  resistance  is  variable  and  depends  on 
che  configuration  of  the  laser,  the  character  of  che 
applied  waveform  and  the  laser  gas. 

We  have  explored  methods  by  which  configurations 
similar  to  chose  used  in  lasers  can  be  used  in  low  In¬ 
ductance  switches.  For  lasers,  an  important  objec- 
tlvs  is  to  maintain  the  matching  resistance  for  the 
entire  pulse  duration.  In  contrast,  for  switching 
purposss,  ths  objective  is  to  have  the  minimum  possi¬ 
ble  resistance  in  order  to  minimise  loss,  while  main¬ 
taining  uniformity  in  the  discharge  for  low  erosion. 
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Figure  2  shows  a  range  of  current  densities  with 
che  laser  discharge  and  spark  gap  regimes  cross- 
hatched.  A  laser  discharge  has  a  relatively  high 
resistance,  indicated  by  the  conductivity  (on  the  ver¬ 
tical  scale)  as  function  of  current  density  (solid 
line),  while  arcs  have  a  low  resistance.  Electrode 
melting  is  che  main  life-limiting  factor  for  spark  gap 
switches,  and  this  prohibits  operation  of  our  switch 
in  che  melting  regime  (cross-hatched)  beyond  about 
200  kA / cm2  for  our  parameters .  The  resultant  operat¬ 
ing  regime  falls  in  between  the  laser  discharge  and 
the  electrode  melting  limits,  as  Indicated  by  the  bar 
in  Figure  2.  The  currenc  density  can  be  controlled  by 
selecting  the  proper  electrode  geometry. 


Figure  2.  Current  density  regimes  for  diffuse 
laser  discharge,  electrode  melting, 
and  arcs.  The  conductivity  in  these 
regimes  Is  suggested  by  Che  solid 
line. 


This  paper  summarizes  the  results  of  Maxwell's 
feasibility  study  of  a  switch  design  capable  of  meet¬ 
ing  the  above  specifications.  To  meec  this  objective, 
a  three  electrode  X-ray  preionized  switch  was  con¬ 
ceptually  designed.  Switch  resistance.  Inductance  and 
the  X-ray  power  requlrments  were  estimated.  Partlcu- 
Tat  attention  was  focused  on  che  resistance  because 
this  could  only  be  estimated  after  simplifying  assump¬ 
tions  were  made  on  the  switch  plasma  parameters.  This 
leads  us  to*  conclude  that  experiments  are  essential  to 
demonstrate  whether  a  preionized,  uniform  discharge 
switch  has  a  sufficiently  low  resistance  to  be  useful 
in  low  loss  applications. 


8ACXC HOUND 

Pulse  Power 

The  conceptual  design  of  the  uniform  discharge 
switch  results  from  developmsncs  in  pulse  power  and  in 
iaser  technology.  In  pulse  power,  two  operational 
switch  designs  were  considered:  (l)  rail  switches 
which  operate  reliably  in  the  50  kV  to  100  kV  range 
with  an  Inductance  of  10  nH  to  20  nH  over  a  50  cm 
width1  and  (2)  gas-blown  single-channel  switches,  for 
rep-rate  operation  in  the  voltage  rsngs  of  50  kV  to 
over  100  kV  2.3. 

Triggering  of  the  uniform  discharge  is  similar  to 
that  of  multichannel  rail  switches  in  that  both  have 
nldplanae  which  are  ovarvolted  in  order  to  initiate 
the  conducting  plasma.  However,  the  rail  switch  has  a 
sharpened  midplane  and  does  not  use  pralonlzaclon, 
other  than  that  which  occurs  from  corona  along  the 


midplane.  In  contrast,  the  trigger  electrode  in  the 
uniform  discharge  switch  la  a  robust  mldplane  about 
1  cm  thick.  Figure  3  shows  the  cross-section  of  a 
standard  Maxwell  rail  switch  now  under  extensive  use 
in  high  current,  low  inductance  applications  through¬ 
out  the  world.  The  overall  width  (measured  along  the 
rail  and  perpendicular  co  current  flow)  is  about  20". 
When  designed  for  50  kV,  this  switch  has  10  nH  of 
equivalent  series  Inductance;  for  100  kV,  it  has 
20  nH. 


Figure  3.  Cross-section  of  50  kV  rail  switch  with 
IOnH  effective  Inductance.  Rail  length 
is  14"  and  switch  length  is  19. 5". 


Spark  gaps  which  operace  at  rep-rates  up  to  l  kHz 
have  also  been  developed  at  several  laboratories.  The 
flow  designs  of  gas  purged  switches  and  that  consid¬ 
ered  for  uniform  discharge  switches  are  similar.  The 
objective  of  the  flow  design  is  to  purge  the  arc  pro¬ 
ducts  from  the  Interelectrode  spacing  and  to  bring 
these  products  into  a  zero  field  region  as  rapidly  as 
possible  so  chat  re-strike  does  not  occur  when  the 
switch  is  re-charged. 

Lasers 

To  attain  uniform  discharges  at  atmospheric  pres¬ 
sure  in  lasers,  the  gas  can  be  first  preionized;  then 
an  electric  field  is  applied  across  the  laser  chamber. 
A  simple  physical  model  to  estimate  the  preionlzatlon 
requirements  was  proposed  by  Palmer4  and  extended  by 
Lcvatter  and  Lin*  and  others. 

This  model  applies  co  the  breakdown  of  moderately 
overvolted  gaps  in  which  a  tingle  electron  starts  an 
avalanche.  The  secondary  electrons  rapidly  drift  away 
from  their  place  of  birth,  antiparallel  to  the  field 
direction,  and  then  diffuse  laterally.  The  result  is 
a  streamer,  a  cone-shaped  region  with  positive,  sta¬ 
tionary  ions,  and  a  head  of  negative  electrons.  The 
electric  field  from  these  separated  charges  soon 
exceeds  the  breakdown  field.  The  self-field  acts  on 
ochsr  electrons  in  the  neighborhood  of  the  streamer, 
which  then  form  their  own  strssmars.  The  process  is 
assisted  by  photoionlzstion.  Soon  the  gap  is  bridged 
by  interlocking  sparks,  and  a  single  arc-channel 
forms. 
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Individual  apark  breakdown  is  praventad  by  pro¬ 
viding  sufficient  electrons  distributed  throughout  the 
gas  so  that  the  streaaer  heeds  overlap  before  their 
self-field  is  sufficient  to  cause  further  avalanching. 
For  this  the  initial  electron  density  should  exceed 
Che  value : 

ne  >  l/rc3 

“here  rc  is  the  screamer  head  radius  when  the  streaaer 
self-  field  starts  to  exceed  the  excernal  field.  This 
radius  rc  is  typically  abouc  0.01  cn,  roughly  corres¬ 
ponding  to  ne  of  106  cm"3. 

A  useful  gas  switch  should  have  a  non-conducting 
state,  wherein-  Che  voltage  across  Che  eleccrodes  is 
insufficient  to  break  down  the  gas.  With  a  short 
trigger  pulse  the  gas  should  go  over  into  a  highly 
conducting  stage,  which  can  be  maintained  by  a  rela¬ 
tively  low  voltage  drop.  Following  are  general  com¬ 
ments  on  the  losses  which  occur  in  plasmas  with  resid¬ 
ual  electric  field. 

A  stable  homogeneous  high-current  discharge  has  a 
thin  sheath  near  the  negative  electrode.  Beyond  the 
sheath  the  eleccric  field  is  constant.  It  should  be 
emphasized  chat  this  field,  also  called  Che  sustaining 
field  of  che  discharge,  is  always  less  chan  the  break¬ 
down  field  for  che  gas  before  the  discharge  has 
occurred;  if  che  gas  remains  relatively  cold  during 
the  discharge  the  sustaining  field  will  be  comparable 
to  che  breakdown  field.  In  contrast,  if  the  gas  is 
vlbraclonally  and/or  electronically  excited  to  a  sub¬ 
stantial  degree  (in  addition  to  being  weakly  ionized) 
che  sustaining  field  may  be  substantially  lower  than 
che  initial  breakdown  field.  For  switching  purposes, 
reducing  the  sustaining  field  is  mandatory  to  reduce 
losses . 

The  sustaining  field  must  decrease  over  a  l  - 
10  ns  time  scale.  This  means  that  in  chls  short  time 
the  gas  composition  must  be  altered,  to  contain  many 
excited  states  and  other  easily  lonlzable  molecules. 
For  chls  we  need  a  large  power  density  which  is  equiv¬ 
alent  to  a  large  current  density.  Because  of  this 
consideration,  there  is  an  upper  limit  to  the  dis¬ 
charge  area  chat  can  be  used  for  a  switch  with  a  given 
resistive  loss.  The  lower  limit  of  this  discharge 
area  is  the  allowable  current  density  which  may  be 
attained  without  melting  electrode  materiel. 

In  conclusion,  to  create  uniform  discharges  suit¬ 
able  for  switching,  we  must  promptly  deposit  suffi¬ 
cient  energy  density  in  che  gas.  In  addition,  we  must 
minimize  che  total  energy  deposition  in  order  to 
benefit  the  switch  efficiency.  A  possible 
configuration  for  che  discharge  plasma  is  a  thin 
ribbon  0.1  cm  thick,  1  cm  long  and  75  cm  wide.  Then, 
che  desired  heating  will  occur  due  to  the  high  power 
dissipation  la  this  limited  volume. 


contamination  by  gases  which  are  strong  infrared 
absorbers.  However,  there  are  other  electronegative 
gases  potentially  suitable  for  switching. 


Discharge  Resistance 


We  now  consider  the  resistance  of  the  plasma 
generated  between  an  arbitrary  pair  of  switch 
electrodes  spaced  at  about  1  cn,  in  a  uniform-field 
configuration  at  one  atmosphere  pressure. 


The  discharge  resistance  depends  on  che  kinetics 
of  the  various  species  present  in  the  switch  plasma. 
Factors,  that  cannot  be  completely  specified  at  chls 
time,  such  as  applied  waveshape,  gas  species,  and 
pressure,  also  have  a  significant  influence  on  the 
discharge  resistance.  Table  2  shows  discharge 
resistivity  and  resistance  for  several  assumed 
ionization  fractions.  These  calculations  show 
desirably  low  final  values  of  resistenca.  To  attain 
any  given  ionization  fraction,  it  is  necessary  to 
deposit  at  least  the  ionization  energy  into  che  gas. 
For  example,  this  ionization  energy  falls  into  the 
range  of  10  to  30  eV  and  for  an  ionization  density  of 
2.5  x  IQ21  a-3  (i.e.  0.12  at  acmospherlc  pressure) 
4-12  kJ/m^  is  required.  For  che  discharge  volume  of 
10  cm^  (io~3  m3)  we  would  need  40  to  120  aJ.  This 
energy  is  readily  available  during  the  early  stages  of 
switch  closure  and  would  be  deposited  within  the  first 
nanoseconds  provided  the  prompt  energy  goes  into 
ionization  rather  than  into  molecular  vibration.  To 
compensate  for  these  losses,  up  to  a  factor  of  three 
higher  energy  density  cay  be  required,  but  that  is 
still  acceptably  small. 


TABLE  2 

PLASMA  RESISTANCE  IN  A  RIBBON-SHAPED  DISCHARGE 
WITH  CROSS-SECTIONAL  AREA  OF  10  cm2 
AND  LENGTH  OF  1  cm 


Assumptions 

Ionization 

X 

Resistivity, r 
oha-crn 

Resistance, R 
m-ohm 

•  A 

1.0 

0.04 

5 

B 

0.1 

1.0 

130 

B 

1.0 

0.1 

13 

A  -  Strong  ionization;  electron  temperature  Ta  •  1  eV; 
r^  »  6.53  x  104  Te  3/2  ohm  -  cm 


B  -  Weak  ionization;  momentum  transfer  cross-section , 


-  7  x  10-16  Cm2;  T<  .  i  eV,  r2  .  m.fc/(n,a2) 
where  the  electron  collision  frequency 
fc  "  ®o<lcvth»  vth2  *  *V«e- 


We  evaluated  the  use  of  air  as  a  switching  medium 
suitable  for  preionized  switching.  Low  switch 
resistance  can  occur  only  if  we  rapidly  lonlza  the  air 
to  create  the  low  resistance  plaama.  To  accomplish 
this  the  energy  must  be  deposited  in  electron 
ionization  rather  than  in  molecular  vibration  or 
rotation.  Therefore,  e  monatomic  gas  such  as  argon 
may  be  preferable  If  an  electronegative  component, 
such  es  0j,  were  added.  Interestingly,  we  have 
consldereble  experience  with  gas  mixtures  consisting 
of  an  Inert  and  electronegative  gas.  Maxwell's 
product  line  of  mulclchannel  rail  switches  employs 
Argon  -  SFg.  We  probably  cannot  select  SFg  for  this 
particular  switch,  because  che  environment  in  which 
the  switch  will  be  employed  cannot  tolerate 


In  practice,  a  monatomic  gas  such  as  argon,  with 
small  quantities  of  an  electro-negative  gas  such  as 
u2 ,  O2  may  be  more  suitable.  For  higher  pressure, 
the  required  energy  is  proportionally  higher  but  still 
within  acceptable  limits. 

The  NRL  CHMA1R  air  chemistry  code*  can  analyse 
the  switch  behavior  as  a  function  of  time  by  following 
the  kinetics  of  the  air  during  preionlzstlon.9  Using 
this  code,  the  ionization  growth  from  X-rays,  and  che 
discharge  characteristics  of  che  switch  in  a  given 
circuit  were  studied.  In  contrast,  the  previous  cal¬ 
culations  ignored  the  complicated  Interactions  between 
the  various  processes.  The  CHMAIR  calculation  of 
resistance  is  shown  in  Figure  4. 
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Figure  4.  Switch  resistance  R  versus 

time  Cor  electrode  area  1  cm*  (solid) 
and  100  eta  (dashed),  at  l  atmosphere, 
and  Cor  5  atmosphere  and  100  cm*' 

(doc  dashed). 


The  switch  is  part  oC  a  series  circuit  with 
resistance  •  1  ohm,  and  assumed  inductance  oC 
10  no.  The  voltage  is  60  kV  over  an  assumed  1  cm 
switch  gap,  with  electrode  area  varying  between  100 
cm2  an<j  i  ca2.  This  60  kV/cm  field  was  selected  as  a 
reasonable  simulation  of  the  breakdown  conditions  in  a 
pulse  charged  air  switch  at  one  atmosphere  pressure. 
The  resistance  Calls  precipitously  in  the  first  ns  co 
about  10  ohm,  and  decreases  more  slowly  over  the  next 
5  ns  to  about  2  ohm,  with  an  apparent  limiting  value 
of  1  ohm.  Other  calculations  have  shown  this  resist¬ 
ance  is  insensitive  co  electrode  area.  This  calcula¬ 
tion  suggests  that  air  is  not  suitable  to  meet  the 
objective  of  low  loss.  The  relatively  large  amount  of 
energy  which  goes  into  the  vibrational  modes  explains 
the  relatively  high  resistance  obtained  with  CHMAtR. 

Erosion 

Electrode  erosion  is  the  primary  life-limiting 
mechanism  in  gasoua  discharge  switches.  The  main 
causes  of  erosion  are  electrode  melting,  ejection  of 
material  evaporation,  and,  in  some  cases,  sublimation. 
This  problem  is  most  severe  when  channeling  occurs 
because  the  current  densities  are  high,  and  tend  to 
male  the  electrodes  at  the  channel  contact  points. 
There  is  recent  evidence  that  erosion  rates  are 
further  increased  when  the  gas  flows  through  the  spark 
gap  at  high  speeds.  In  static  cases,  erosion  rates  of 
0.01-0.1  mg/C  havs  been  measured. 21  At  high  flow 
speeds,  erosion  rates  may  increase  to  0.5  mg/C  to 
1  mg/C. 

The  main  effect  of  erosion  is  to  slter  the  elec¬ 
trode  gap  spacing  sad  shape  which  affects  switch  per¬ 
formance.  The  tolerable  amount  of  erosion  depends  on 
the  gap  spacing;  small  gaps  at  high  pressure  can 
tolerate  less  change  than  can  large  gaps.  Consider 
Figure  5,  where  we  assume  that  a  section  of  electrode 
material  whose  halght  equals  the  gap  spacing,  d,  Is 
uniformly  eroded. The  lost  volume  Is  tf  b  d  from  two 
electrode  surfaces.  In  that  case,  the  total  eroded 
anas  la: 


Me  -  p  (W  x  b  x  d> 

where  p  Is  electrode  density,  U  is  rail  width,  and  b 
is  eroded  depth,  assumed  equal  front  each  of  two  elec¬ 
trodes  . 

For  N  discharges  of  Q  coulombs  each,  the  erosion 
rate  is: 

Re  -  bWd  p/QN 

In  our  case,  U  *  75  cm,  Q  ■  5  mC  per  pulse,  the 
density  p  is  15  g/cm^  and  d  is  0.5  cm.  Consider  the 
allowable  electrode  change  of  10Z  of  d.  Then,  b  is 
0.05  cm.  The  allowable  rate  Re  for  10**  shots  is: 


Re  •  0.06  mg/C  . 


I 

f 


EROSION  RATE  R„  FOR  N  DISCHARGES 
bWd  p 

□  a* 

He  NO 


Figure  5.  Geometry  for  erosion  calculation. 


This  rate  may  be  attainable  in  single  shot 
switches  without  gas  flow.  For  flow  speeds  of  about 
60  m/s ,  we  would  expect  much  larger  erosion  rates  if 
channeling  occurred.  We  conclude  that  the  reduction 
in  erosion  rate  to  be  obtained  by  the  uniform  dlcharge 
switch  is  required  for  the  specified  life.  From  a 
uniform  discharge  switch  we  expect  extremely  low 
erosion  ratss  because  the  electrode  temperatures  are 
low  compared  to  those  in  the  arc  contact  points 
betvean  arc  and  electrode. 

Electrode  Melting 

In  an  arc  discharge  electrode  melting  dominates 
over  other  erosion  mechanisms.  The  energy  input  to 
the  electrode  occurs  at  the  surface.  In  the  first  few 
nanoseconds  the  current  rises  linearly  with  time,  and 
the  corresponding  energy  has  some  time  to  be  conducted 
away.  Therefore  the  effective  energy  input  is  not 
singular  at  the  electrode  surface,  but  is  spread  out 
over  a  small  layer. 

The  typical  thlcknass  d  of  a  thermal  conduction 
layer  is  12, 13 


d2  -  (B/c,)  tp  , 

where  D  is  the  heat  conductivity,  C,  the  heat  capa¬ 
city,  and  tp  the  pulse  time.  Typical  values  are  D  * 
*•  (Jcm-1  s"1  K_1)  and  C„  «  3.J 
copper),  so  chat,  approximately  d2  in  cm2  *  t  in 
seconds . 
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To  find  ch«  temperature  riae  we  assume  than 
the  heat  spreads  evenly  over  a  layer  width  d.  Then 

T  d  2  “  (J2Vd2Cp)/(DCv) 

where  J  Is  Ch«  current  densicy  end  Vd  the  affective 
voltage  that  accelerates  the  ions  or  electrons  which 
subsequently  collide  with  the  electrodes  and  transfer 
their  energy-  For  Vd  we  take  an  estimated  value  of 
200  V,  corresponding  to  a  typical  sheach  voltage-  Ue 
Ignore  any  voltage  drop  due  to  the  plasaa /elec erode 
Interface,  (froa  oxide  layers  or  otherwise)  and  we 
also  ignore  any  Joule  heating - 

Figure  6  shows  che  ceaperaturc  rise  in  copper 
electrodes  as  function  of  current  density  and  pulse 
tlae-  For  our  noainal  100  ns  pulse  and  an  allowable 
teaperature  increase  Tj  •  100  degrees  K,  che  current 
density  is  Halted  to  2  x  10$  a/ cm2.  However,  we  plan 
to  work  at  about  10  kA/cm^,  and  che  ceape-acure  rise 
should  not  exceed  IS  degrees  per  pulse  - 


Figure  6.  The  temperature  rise  in  the  electrode 
thermal  diffusion  layer  for  different 
pulse  time  c  asa  function  of  current 
densicy  J.  ** 

The  ceaperaturc  rise  depends  weakly  on  the  elec¬ 
trode  aaterlal  through  the  -1/2  power  of  (DCV). 
Table  3  gives  these  quantities  for  various  elements 
that  are  coaaonly  used  as  electrodes-  The  factor 
(DCv)  is  also  entered.  Copper  Is  clearly  che  best 
aaterlal  becauae  of  Its  low  teaperature  rise,  but  It 
aelts  more  easily  than  the  other  aatarlals.  It  aay  be 
best  to  use  a  tungstan/coppar  alxture,  or  perhaps 
tungsten-plated  copper • 


For  rep-race,  average  power  dissipated  In  the 
electrodes  aust  be  carried  away-  The  electrodes  In 
our  switch  are  laaars'ed  In  flowing  gas;  separate 
electrode  cooling  should  not  be  necessary. 

SWITCH  DESIGN 

Following  Is  a  discussion  of  the  switch  hardware 
as  shown  In  Figure  7. 


TABLE  3 

THERMAL  CONDUCTIVITY  AND  HEAT  CAPACITY 


FOR  VARIOUS 

METALS 

Copper 

Cv(Jca*3  °K_1) 

3.5 

D( J  ca_lS_1  °K_1) 

3.9 

DCV 

3.7 

Molybdenum 

2.8 

1.5 

2.0 

Tantalum 

2.5 

0.5 

1.1 

Tungsten 

2.8 

2.0 

2.4 

Figure  7 .  Conceptual  design  of  a  prelonizcd 
60  kV  rep-rate  switch. 


Puleellnc  Design 

The  cross-sectional  dimensions  of  che  0.5  ohm 
pulse  line  are  based  on  an  assumed  pulseline  width  of 
0.75  a.  A  practical  match  to  the  laser  leads  to  a 
stack  of  two  1  ohm  pulselines  connected  In  parallel  to 
drive  the  0.5  ohm  laser  loed.  For  coapactness,  we  use 
water  for  the  strlpllnes  dielectric.  The  overall 
pulseline  size  would  Chen  be  about  one  aeter  on  each 
side  including  allowances  for  insulation  at  the  edges 
of  the  charged  conductor. 

The  iapedance  is  estimated  froa  the  foraula 
Z  »  377  oha  x  h/(k0.3  W) 

where  Z  is  pul saline  iapedance,  k  is  relative  dielec¬ 
tric  constant,  h  and  w  are  plats  spacing  and  width, 
respectively .  Substituting  k  ■  80  for  water,  and  Z  - 
l  oha,  0.75  a  width  yields  a  plate  separation  of  1-8 
ca.  In  this  way,  the  1  oha  iapedance  la  obtained  In  a 
line  whose  electrostatic  field  Is  about  33  kV/ca, 
substantially  below  the  70-100  kV/ea  breakdown  field 
of  a  rap-rated  water  syscea.  A  part  of  this  line  Is 
shown  in  the  drawing. 
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High-Voltage  Insulation 

Th«  switch  electrode  connected  to  the  pulsallna 
aust  ba  Insulated  for  tha  full  60  IcV  charge  voltage. 
Consider  the  overall  gap  spacing,  which  la  the  sum  of 
the  distances  between  the  trigger  electrode  and  the 
two  aaln  electrodes.  The  Insulation  (breakdown) 
strength  is  assuaed  to  be  coaparable  to  that  of  air, 
about  25-30  kV  per  ca-ataosphere .  To  prevent  break¬ 
down  we  would  use  a  design  stress  about  75Z  of  that 
value,  or  20  kV/ca-ataosphere .  The  operating  pressure 
is  specified  by  an  engineering  coaproaise  between  the 
desirability  of  operating  at  aaxiaua  pressure  with 
ainiaua  gap  in  order  to  reduce  losses,  while  maintain¬ 
ing  a  sufficiently  large  gap  to  be  relatively  Insensi¬ 
tive  to  erosion  effects.  For  this  design,  we  select 
an  overall  gap  spacing  of  1  cm.  For  a  midplane  which 
is  balanced  at  V0/2,  or  30  kV,  this  is  0.5  cm  of 
insulation  gas  between  the  trigger  and  each  of  the 
main  electrodes.  To  support  60  kV,  this  gap  has  the 
operating  field  60  kV/cm,  and  requires  a  pressure  of 
at  least  three  absolute  atmospheres  for  a  gas  whose 
dielectric  strength  equals  that  of  air. 

Triggering 

The  trigger  electrode  is  shown  at  mid-potential 
in  this  design.  Offsetting  the  midplane  at  other  than 
mid-pocentlal  may  be  desirable  for  optimum  perform¬ 
ance  .  The  trigger  applied  to  the  midplane  would  have 
the  rlsetlme  of  about  15  kV/ns.  In  4  to  5  ns,  the 
midplane  voltage  attains  over  60  KV .  This  voltage 
adds  to  the  mldplane  potential  so  that  a  midplane 
charged  co  +  30  kV  would  acquire  either  -  30  kV  or 
+90  kV,  depending  on  che  trigger  polarity. 

In  the  mechanical  design,  the  trigger  extends  to 
each  end  of  che  0.75  m  switch  and  is  supported  at  its 
ends.  Also,  it  receives  its  trigger  pulse  at  Che 
ends,  very  much  as  Maxwell  now  triggers  ICS  standard 
rail  switches.  The  mechanical  design  of  Che  attach¬ 
ment  is  straightforward  because  the  ends  of  the  switch 
have  adequate  space  for  mechanical  support  and  elec¬ 
trical  insulation.  For  clarity,  the  ends  of  the 
trigger  electrode  are  not  shown  in  che  drawing. 

Inductance 

Switch  inductance  was  estimated  by  separately 
considering  che  electrode  hardware  and  che  plasma 
ribbon-shaped  discharge.  The  total  electrode  induct¬ 
ance,  for  che  paralleled  cop  and  bottom  sections  shown 
in  Figure  7,  was  4  nH.  To  this  the  plasma  Inductance 
was  estimated  at  1  nH,  for  the  total  of  5  nH.  This 
value  is  acceptably  low  for  the  required  output  rise- 
times.  Ignoring  switch  resistance,  the  output  e-fold 
rlsetlme  of  a  5  nH  switch  into  the  total  impedance  of 
1  ohm  (0.5  ohm  for  che  pulseline,  in  series  with  0.5 
ohm  for  che  laser  load)  is  5  ns. 

Prelonlaers 

The  preionizer  conslscs  of  a  thermionic  cathode 
which  emits  electrons  Into  a  tantalum  X-ray  brems- 
acrahlung  source.  The  tantalum  target  electrode  con¬ 
tains  a  water  channel  for  cooling. 

There  are  attractive  elternatlve  X-ray  sources. 
For  example ,  the  thermionic  electron  source  can  emit 
electrons  into  a  double  window  consisting  of  a  tan¬ 
talum  and  an  aluminum  (or  titanium)  foil  that  forms  a 
cooling  channel.  The  forward  bremastrahlung  is  suffi¬ 
ciently  intense  to  provide  the  required  pralonlzatlon. 
This  design  is  more  compact,  and  requires  lets  power, 
although  more  complex. 


Razor  cathodes  are  often  used  as  electron 
sources,  although  here  they  may  not  be  suitable  as 
field  emission  sources  because  of  the  nonuniformity  in 
emission.  Recent  work^O  with  carbon  felt  is  promising 
because  felt  cathodes  emit  electrons  uniformly.  In 
that  case,  the  field  emission  source  would  eliminate 
the  power  requirements  for  the  heater  in  the  ther¬ 
mionic  cathode.  Ac  this  writing,  carbon  felt  cathode 
life  is  limited  to  the  106  shot  range  due  co  degrada¬ 
tion  of  emission  from  the  felt. 

GAS  DYNAMICS 

Flow  Velocity 

The  required  flow  speed  is  obtained  by  dividing 
che  required  flow  distance  of  gas  by  the  period 
between  che  successive  pulseline  chargings.  To  move 
the  gas  from  the  discharge  location  at  the  electrode 
midpoint  to  a  field  free  region  requires  about  3-4  cm 
of  motion.  This  must  be  done  every  0.5  ms  in  a  system 
operating  at  1250  Hz  (0.8  ms  Interpulse  period,  0.5  ms 
between  charges).  Therefore,  the  flow  speed  is  about 
60  m/s,  or  Mach  0.2. 

Flow  Direction 

The  switch  gas  enters  the  insulating  tubes,  goes 
through  the  switch  electrodes,  moves  across  the 
electrodes,  and  exits  at  che  central  outlet  port  at 
the  cop  center  of  the  switch.  In  this  way,  fresh  gas 
enters  the  switch  through  the  tubes  where  they  bridge 
the  high-voltage  insulation. 

Flow  Power 

The  flow  power  must  be  supplied  by  a  compressor 
or  blower  installed  in  the  flow  circuit  between  the 
inlet  and  the  outlet  ports.  To  estimate  compressor 
power,  consider  a  switch  operating  at  3  abs.  atm.  of  a 
diatomic  gas  (k  -  Cp/Cv  -  1.4)  flowing  at  60  m/s.  The 
flow  area  obtained  from  the  cross-section  of  75  cm  x 
l  cm  is  75  x  10-4  m2t  Compressor  power  is  approxi¬ 
mately  proportional  to  pressure  drop  across  the 
switch.  A  drop  of  5-10  psig  is  anticipated  corres¬ 
ponding  to  the  ideal  power  requirement  of  20  to  38  hp. 
A  practical  compressor  is  about  657,  efficient.  There¬ 
fore,  actual  compressor  power  falls  in  che  range  of  31 
to  58  hp  (23  to  43  kW).  The  anticipated  racing  is 
30  hp  corresponding  Co  22  kW.  This  is  14Z  of  the 
lbO  kW  average  power  delivered  to  the  load. 

X-RAY  PREIONIZER  ELECTRICAL  DESIGN 
Pulse  Power  Requirements 

To  specify  che  pulse  power  required  for  the  ther¬ 
mionic  X-ray  diode,  consider  the  rate  of  electron  pro¬ 
duction  within  the  interelectrode  spacing.  We  expect 
the  primary  loss  of  electrons  in  electronegative  gases 
to  be  caused  by  electron  attachment.  Therefore,  the 
rate  equation  governing  the  electron  density  ne  is 

dne/dt  •  S  -  n0/ta  , 

where  ca  is  the  attachment  time  for  the  electronega¬ 
tive  component  in  the  gas.  In  che  case  of  air,  this 
attachment  would  occur  to  the  oxygen  molecules.  The 
attachment  time  is  given  by 

ca  "  [kana 1”* 

where  ta  is  the  (electron  energy  dependent)  attachment 
coefficient,  and  na  is  the  number  density  of  attach¬ 
ing  molecules  (e-g.  oxygen).  For  air  at  atmospheric 
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pressure  na  ■  5  x  10 18  cm-3  and  ka,  the  attachment 
coefficient,  is  about 

ka  *  10"  ^  cm3/s 

Therefore,  the  attachment  time  is  20  ns.  Although 
this  number  was  calculated  for  one  abs.  atm,  of  air, 
the  result  is  insensitive  to  pressure. 


Magnetic  Modulator 

The  pulse  power  requirements  for  the  X-ray  pre¬ 
ionizer  electron  source  are  as  follows: 

V  -  50  kV 

1-14  A/linear  cm  of  source  length 


We  now  estimate  che  source  strength  which  a  is 
required  to  generate  an  equilibrium  electron  density 
of  108  cm*3.  At  equilibrium  dne/dt  •  0  and  ng  -  Sta. 
Hence,  che  electron  production  rate  is 

S  -  ne/ta  •  (10®cm*3)/20  nsec  •  5xl0*-3(cm*3  s*'-). 

To  obtain  the  X-ray  generator  power  requirements, 
consider  che  X-ray  flux  passing  from  a  line  source 
through  a  cylinder  10  cm  in  radius,  where  this  radius 
is  che  distance  from  che  line  source  of  X-rays  to  a 
parallel  line  which  is  ac  the  midpoint  of  the  rail 
switch.  The  rate  of  X-ray  energy  deposition  per  unit 
mass  in  the  gas  is 

dD/dt  -  IVfSjj/ZirrL  , 

where  1  and  V  are  Che  current  and  voltage  respec¬ 
tively,  applied  to  the  line  source  of  the  X-ray  gener¬ 
ator,  f  is  the  X-ray  production  efficiency,  L  is  the 
spark  gap  length  and  aa  the  mass  absorption  coeffi¬ 
cient  of  X-rays  in  the  gas.  (For  this  estimate,  we 
neglect  the  attenuation  of  20  keV  photons  through  a 
foil,  such  as  several  mils  of  titanium,  which  sepa¬ 
rates  the  X-ray  generator  from  the  spark  gap.)  This 
energy  density,  divided  by  che  energy  required  to 
create  an  ion-electron  pair  U,  must  equal  the  required 
electron  production  rate 

S  -  5xlOl5cm*3s"1 


Therefore, 


te  •  40  ns 
f  -  1250  Hz. 

For  a  0.7  5  m  source,  the  total  peak  current  required 
is  1  kA.  The  short  pulse  length,  relatively  high  peak 
power  (70  MW)  and  high  pulse  rate  places  rather  severe 
burdens  on  the  pulse  power. 

A  magnetic  modulacor  shown  in  Figure  8  is  effi¬ 
cient  and  cost-  effective.  This  is  a  type  "A"  pulse¬ 
forming  network  ( PFN) ,  whose  energy  is  switched  into 
the  e-beam  load  with  a  magnetic  switching  transformer. 
The  PFN  is  resonantly  charged  via  thyratron  Vj  and 
transformer  Tj.  Transformer  T;  is  a  1:4  step-up 
transformer  which  provides  100  kV  charge  voltage  to 
Cg.  The  intermediate  energy  store  Ci  is  dc  resonantly 
charged  from  a  nominal  17  kV  power  supply  for  a  multi¬ 
ple  laser  system;  it  is  expected  chat  a  single  power 
supply  provides  power  for  many  X-ray  preionizer  pulse 
power  systems. 


<*,  A 


Figure  3.  X-Ray  preionizer  pulse  power 
magnetic  modulator 


S  -  d0IVfaa/2irrLW  , 

where  dQ  is  che  density  of  the  gas.  The  X-ray  genera¬ 
tor  current  per  unit  length  is  given  by 

I  .  2-rrWS 

c  d^TC£  . 

For  example,  consider  a  50  kV  X-ray  source  with  an 
efficiency  of  0.5  percent  and  a  linear  absorption 
coefficient  of  5  x  10”4  cm'1', 


l/L  -  14  A/cm  . 

For  a  75  cm  line  source,  this  corresponds  to  1000  A. 
We  assume  a  pulse  width  of  40  os.  Consider  a  50  kV 
X-ray  source  operating  ac  1.2  kHz.  The  average  power 
(exclusive  of  thermal  losses)  is  nominally 

F  -  IVt(prf)  -  2.4  kW 

This  represeats  a  relatively  small  power  loss  (2Z) 
compared  to  che  160  kW  overall  power  of  the  module. 

Other  designs  which  Include  a  thermionic  diode 
are  more  efficient.  The  design  which  includes  direct 
emission  of  che  thermionic  electrons  into  a  tantalum 
foil  separating  che  diode  from  the  switch  would  reduce 
by  the  factor  three  the  distance  of  che  X-ray  source 
from  the  switch.  This  would  result  in  a  nominal 
reduction  of  a  factor  of  9  in  X-ray  source  power. 
However,  the  foil  would  require  cooling,  and  this 
introduces  some  additional  complexity  in  the  design. 


The  type  A  PFN  was  selected  as  the  best  compro¬ 
mise  after  consideration  of  pulse  shape,  series 
inductance  and  overall  circuit  efficiency.  To  obtain 
the  necessary  output  pulse  length,  the  effective  pulse 
width  of  the  PFN  has  been  chosen  as  90  ns  to  yield  a 
50  ns  flat-top  (portion  above  50  kV).  The  50  kV/l  kA 
load  presents  a  50  ohm  load;  hence,  it  can  be  shown 
chat  for  a  matched  system,  the  network  elements  will 
have  the  following  values: 


CN  -  0.387  te/Zg  »  0.7  nF 

Cj  *  0.256  te/Zg  ■  0.5  nF 

L2  -  0.0606  t(  ZN  -  270  nH 

»  0.190  ce  Zg  »  860  nH 

The  energy  scored  in  Cg  is  transferred  to  the 
load  by  the  magnetic  switching  transforsMr  T2  whose 
saturated  (secondary  winding)  inductance  is  small  com¬ 
pared  to  che  required  series  Inductance  of  Lg. 


Modest  switching  losses  in  the  transformer  are 
present.  The  eddy  currents  losses,  when  added  to 
chose  from  the  core  and  leakage  current,  yield  an 
estimated  cocal  switching  loss  of  2  J  per  pulse  or 
2.5  kW.  The  energy  which  must  be  transferred  from  C2 
to  CL  is  the  2  J  plus  50  kV  x  1000  A  x  90  ns  •  5J, 
for  chs  total  of  7  J. 


Standard  thyracrons  are  suitable  for  this  cir¬ 
cuit.  Thyratron  lossss  are  estimated  at  1  J  per 
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pulse.  This,  added  co  the  losses  above,  results  In 
the  loss  energy  of  3  J  per  pulse.  The  total  power  for 
a  modulator  operating  at  1250  Hz  Is  therefore  15  kW. 

U.V.  Prelonlzatlon  of  Electrical  Discharges 

An  alternative  prelonlzer  source  Is  UV  light. 
This  can  come  from  many  sources,  both  external  to  the 
discharge  or  internal  In  the  fora  of  sparking  arrays 
or  corona  discharges1-4.  The  UV  is  typically  absorbed 
over  short  distances  of  about  1  cm,  depending  on  gas, 
wavelength,  etc.,  which  can  lead  co  pronounced  non- 
unlformitles  in  the  d  ..charge -  This  is  bad  for  laser 
discharges,  buc  acceptable  for  switches  when  the 
switch  dimensions  are  comparable  to  the  light  penetra¬ 
tion  length. 

Two  options  are  available  for  generating  the 
required  amounts  of  U.V.  In  one,  we  use  spark  dis¬ 
charges,  alchough  this  technique  may  result  in  similar 
life  limiting  process  as  do  spark  gaps-  Another  tech¬ 
nique  calls  for  use  of  Xenon  flaahlamps  along  th< 
meter  width  of  Che  switch. 

Radioactive  Preionlzatlon 

A  moderate  amount  of  radioacclve  ionization  car 
also  provide  sufficient  electrons^"1^.  Each  disin¬ 
tegration  with  energy  E  (in  cV)  produces  N  •  E/30  eV 
electrons.  Typical  alpha-disintegrations  have  an 
energy  E  ■  4-8  MeV  or  N  •  2  x  10^  electrons,  while 
beta  -  energies  are  of  order  E  •  20  -  400  keV,  for  S  • 
2  x  10^  electrons.  These  electrons  are  generated 
fairly  uniformly  along  che  particle  track,  which  has  a 
typical  range  R  *  3  cm  and  R  «  5  cm  (for  atmospheric 
air  and  che  cited  parameters).  This  corresponds  to 
about  7  x  10*  electrons/cm  and  400  eleccrons/cm. 

CONCLUSIONS 

Prelonlzatlon 

The  feasibility  of  reliably  attaining  che  preion- 
lzation  level  of  10^  to  io®  cm--1  is  within  che  present 
state  of  art.  At  this  point  we  lean  cowards  che  ther¬ 
mionic  or  field  emission  bremsst rah lung  X-ray  source 
buc  the  near  future  may  see  UV  or  microwave  sources 
equally  practical.  In  certain  applications, 
radioactive  sources  are  suitable. 

Uniform  Discharge 

On  the  basis  of  laser  developments  to  date,  uni¬ 
form  discharges  are  attainable  in  pulse  power  systems 
using  che  prescribed  prelonlzatlon.  The  suitability 
of  this  discharge  for  switching  is  the  main  issue  to 
be  addressed  in  fucure  experimental  work. 

Of  particular  concern  Is  the  switch  resistance 
which  may  be  coo  high  for  switching  applications  If 
the  energy  deposition  during  the  early  time  of  che 
discharge  Is  Insufficient  or  does  not  contribute  to 
ionization.  Consequently,  the  details  of  electrode 
design  may  ha  critical  to  control  the  discharge  volume 
and  therefore,  the  daposltad  energy  density.  These 
considerations  favor  a  monatomic  gas  mixed  with  an 
electronegative  component,  in  a  mildly  field  enhanced 
switch  geometry  In  order  to  obtain  a  ribbon-  shaped 
discharge  about  0.1  cm  thick. 

Erosion 

To  minimise  erosion  by  electrode  malting,  current 
density  should  not  axceed  100  kA/cm?,  and  this  would 
be  accomplished  If  the  uniform  discharge  switch  oper¬ 
ated  as  intended.  The  exact  boundaries  of  allowable 
currant  density  must  be  determined  experimentally. 


Mechanical  Design 

We  have  concluded  the  mechanical  design  require¬ 
ments  to  attain  long  life,  low  Inductance,  and  easy 
maintenance  can  be  met.  The  design  is  based  on  the 
relatively  high  ga3  breakdown  strength  of  about 
80-90  kV/cm  at  3  abs .  atm.  and  the  design  stress  of 
60  kV/cm.  These  values  correspond  approximately  to 
those  of  air. 
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Abstract  of  40  Hz  and  >  500  kW  average  power  with  dielectric 

strength  recovery  '  12.8  ms. 

A  vortex  flow  spark  gap  was  tested  at  repetition 

rates  up  to  40  pps  with  voltages  up  to  130  kv  and  aver-  Test  Facility  and  Circuit 

age  power  transfer  of  0.51  MU'.  An  underdamped  dis¬ 
charge  circuit  was  used  with  a  period  of  19  usee  to  The  test-bed  was  integrated  with  a  modulator  and 

demonstrate  switch  recovery  with  a  charge  transfer  of  trigger-generator  that  existed  at  AERL  to  form  the 

over  one  coulomb  per  pulse.  No  command  charge  system  complete  test  facility.  A  six-ampere  power  supply  and 

was  required  with  the  L-C  charging  circuit.  The  switch  a  100-ampere  power  supply  are  available,  and  the  six- 
recovered  with  ring-up  times  of  16.9  msec  and  12.8  msec.  ampere  supply  was  employed  since  che  rep-rate  was  not 

No  hold-off  degradation  was  observed  over  burst  times  expected  to  exceed  25  Hz.  The  test  circuit  is  shown 

consisting  of  1000  shots.  schematically  in  Figure  1.  The  2  kT.  large  copper  sul- 

The  switch  was  typically  operated  at  56  psig  with  fate  resistor,  located  between  the  D.C.  power  supply 

=  60  scfm  of  air  flow,  but  reliable  operation  was  found  and  a  6.4  cF  filter  capacitor,  served  as  a  short-circuit 

with  a  gas  flow  of  as  low  as  -  15  scfm.  The  swicch  current  limiting  resistor.  The  filter  and  choke  combi- 

demonstration  was  limited  to  a  repetition  rate  dictated  nation  yields  peak  ring-up  currents  of  20-30  A.  An  air 

by  che  power  supply  capability.  The  maximum  duration  driven  vacuum  switch  assembly  served  as  the  means  to 

of  the  burst  was  governed  by  heating  of  the  load  resis-  obtain  the  first  full  cest  bed  capacitor  charge  by 

tor.  sequentially  turning  on  the  primary  power  followed  by 

the  switch  closure.  The  next  components  in  line  are 
Introduction  the  18  henry  air  inductor  followed  by  the  high  power 

blocking  diode.  Not  shown  on  the  diagram  is  a  voltage 
Spark-gap  switches  are  used  in  many  pulsed  power  probe  and  an  air  actuated  shorting  switch.  The  short- 
svseems  where  the  operating  requirements  exceed  che  ing  switch  allowed  che  discharge  of  both  the  filter  and 

Hydrogen  Thvratron  limits  in  voltage,  current,  or  rise-  test  bed  capacitor  as  part  of  the  automatic  shut  down 
time.  A  particular  case  of  this  is  in  high  energy  Marx  procedure.  A  coaxial  high  voltage  cable  transmitted 

generators  employed  in  large  pulsed  power  systems.  the  power  to  the  electrostatically  shielded  pulsed  power 

These  generators  have  been  in  use  for  manv  vears  as  room  wnich  contained  both  che  test  bed  and  trigger  gen- 

single-shot  systems,  but,  to  date,  none  has  been  _uUt  eracor.  The  available  trigger  generator,  rated  for  30 

that  could  be  repetitively  pulsed.  The  program  described  pps  wich  an  output  of  30  kV,  was  modified  during  the 

here  undertook  to  develop  and  test  a  spa-k-gap  chat  test  period  to  extend  its  performance  range  co  40  pps. 

would  be  a  satisfactory  swicch  for  such  a  system.  The  trigger  signal  was  stepped  up  with  a  6:1  (turns 

Using  a  typical  Marx-generacor  from  an  existin’  ratio)  transformer  which  was  integrated  into  the  test 

pulser  as  a  model,  we  constructed  a  test-bed  chat  would  bed.  The  trigger  signal  polarity  was  selected  co  be 

duplicate  che  duty  conditions  required  of  the  switch.  negative  to  facilitate  break  down  of  the  positively 

This  test-bed  is  a  single-stage  Marx  chat  stores  0.25  charged  switch.  In  series  with  the  trigger  was  a 

coulombs  at  125  kV  and  discharges  into  an  underdamped  Trigger  Isolation  Gap  (TIG). 

L-C-R  circuit  such  chat  the  total  charge-crunsfer  The  original  test  bed  circuit  was  selected  to 

through  che  switch  is  0.75  coulomb  pet  shot.  This  and  store  15  kJ  at  125  kV.  The  combination  of  the  load 
the  peak  current  (>  100  kA)  represent  quite  weil  the  resistor  and  inductor  were  selected  to  yield  a  peak 

performance  requirements  in  Che  model  Marx.  discharge  current  of  -  150  kA  and  a  total  switch  charge 

The  baseline  switch  design  was  patterned  after  a  transfer  of  -  0.75  coulombs.  Unfortunately,  the  original 

lower  voltage  swicch  that  had  been  developed  at  PI  and  capacitors  did  not  survive  che  initial  check  out  period, 

successfully  employed  in  applications  up  to  -  50  kW  This  forced  us  to  utilize  two  available  capacitor  stacks 

average  power  at  frequencies  to  >  1800  Hz.  with  a  net  capacitance  of  2.1  uF.  This  reconfiguration 

The  goal  for  this  new  switch  was  to  increase  the  increased  the  circuit  inductance  such  that  the  discharge 

power  handling  ability  to  -  375  kW  with  higher  voltage  period  was  longer,  reducing  the  peak  current,  however, 

stand-o  but  at  the  more  modest  rep-rate  of  25  Hz.  the  total  charge  transfer  was  increased  tc  *  1  coulomb 

Additionally,  it  was  hoped  that  we  could  identify  the  A  small  change  to  the  load  resistor  was  also  made, 

problem  areas  that  would  need  to  be  addressed  to  extend  These  circuit  modifications  increased  the  "on"  time  of 

performance  to  1,500  kW  at  100  Hz  for  the  same  voltage  the  switch  rendering  switch  recovery  even  more  difficult, 

and  coulomb  requirements.  The  experiments  were  to  be  The  ring  up  period  is  given  by; 

done  in  two  parts;  1  -  with  autocharging,  to  determine  _ 

when  it  would  be  necessary  to  implement  command-charging,  Tr  ■  tt/L-C  „  =  16.9  ms 

for  switch  recovery,  and  2  -  with  command-charge,  to  C  e 

extend  the  rep-rate  to  the  goal.  where 

In  fact,  switch  recovery  was  good  enough  that  the 
limit  of  the  modulator's  ability  to  recharge  the  test-  c.C- 

bed  was  reached  while  still  operating  in  the  autocharg-  c  ,,  * 

ing  mode  and  the  command-charge  feature  was  never  lmple-  e  Cb+CF 

mented.  This  represented  in  achieved  switch  performance 

_  and 

*The  work  reported  was  performed  under  DAAK40-79-C-0197 
with  Defense  Advanced  Research  Project  Agency. 
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Lg  »  18  henries  is  Che  charging  inductor 
*  2 . 15  yF  is  the  test  bed  capacitor,  and 

Cj,  *  6.4  uF  is  the  filter  capacitor. 

The  use  of  a  finite  value  filter  capacitor  has  the 
effect  of  reducing  Che  ring  up  period  and  reducing  the 
voltage  ring  up  ratio.  This  requires  a  power  supply 
voltage  setcing  of  =  80  kv,  significantly  higher  than 
50t  of  the  cest  bed  voltage;  however,  well  within  the 
capabilities  of  the  available  facility. 

Air  was  the  only  dielectric  gas  tested.  A  com¬ 
pressor  with  a  dryer  in  series  charged  up  a  large  gas 
storage  bank  to  2000  psig.  A  dome  regulator  allowed 
Che  presetting  of  the  output  press.  Two  lines  with  two 
separate  remote  controlled  and  sequenced  valves  con¬ 
trolled  and  supplied  Che  flow.  The  gas  was  typically 
turned  on  -  10  seconds  prior  to  the  power  supply  turn 
on.  The  dome  regulator  pressure  setting  in  conjunction 
with  the  sonic  input  orifices  determined  the  switch 
mass  flow  for  each  side  of  Che  switch  separately.  A 
strain  gauge  pressure  transducer  was  installed  upstream 
of  both  orifices.  With  this  arrangement  the  gas  flow 
injection  into  each  half  of  the  switch  could  be  selected 
separately.  Once  the  mass  flow  was  selected  the  switch 
pressure  was  determined  by  che  area  of  a  second  set  of 
sonic  orifices,  located  at  Che  end  of  the  exhaust  gas 
lines.  From  a  practical  point  we  selected  the  area 
ratio  of  the  two  sonic  orifice  sets.  This  yielded  a 
given  flush  factor  s'-.’-'  the  dome  regulator  settings 
controlled  the  switch  pressure.  A  pressure  transducer 
monitored  the  steady  state  switch  pressure,  while 
another  sampled  the  plenum  pressure.  A  small  amount  of 
nitrogen  flow  was  used  for  the  TIG. 

A  picture  showing  the  test  bed  prior  to  installa¬ 
tion  is  seen  in  Figure  2,  while  Figure  3  shows  the 
switch  with  the  inner  envelope  removed. 

Instrumentation  and  Control 

The  experiment  was  automatically  sequenced.  The 
number  of  pulses  and  repetition  rate  were  preprogrammed 
to  an  electronic  generator,  and  additional  timers  were 
used  to  sequence  che  remaining  events  such  as  the  turn 
on  of  che  power  supply,  gas  flow,  recorders,  vacuum 
switch  actuation,  data  acquisition,  and  the  electronic 
pulse  generator.  These  timers  also  controlled  the 
shutdown,  initiated  either  by  the  completion  of  the 
preselected  burse  count  or  through  the  detection  of  a 
fault.  Other  set  points,  such  as  a  minimum  and  maximum 
dome  regulator  pressure,  maximum  power  supply  voltage 
and  current,  minimum  trigger  generator  voltage,  etc. 
had  to  be  preselected  and  served  as  trip  points-  to 
protect  the  facility  and  test  bed  during  the  critical 
time  of  the  automatic  sequence. 

As  instrumentation,  we  used  a  voltage  divider  to 
yield  the  capacitor  charge  voltage.  This  divider  was 
located  downstream  of  the  blocking  diode.  The  charging 
current  was  monitored  by  two  separate  current  trans¬ 
former.  They  were  located  on  the  high  voltage  9lde  and 
return  of  the  charging  system  In  addition  the  inte¬ 
gration  of  the  charge  currenc  served  as  an  independent 
check  of  the  switch  voltage.  Charge  current  was 
recorded  simultaneously  on  the  optical  strip  chart 
recorder,  on  an  oscilloscope,  and  on  a  channel  of  a 
Digitizer.  We  used  two  monitors  for  che  discharge 
currents,  a  current  transformer  as  well  as  a  Rogowski 
loop.  Both  signals  were  recorded  on  an  oscilloscope 
and  Digitizer.  Two  additional  current  transformers 
were  used  to  monitor  che  primary  as  well  as  secondary 
currents  of  che  trigger  transformer.  With  an  additional 
voltage  monitor  on  the  secondary  side  of  the  transformer 
the  trigger  system  and  the  TIG  breakdown  was  monitored. 

We  utilized  four  channels  of  strain  gauge  pressure 
transducers.  We  typically  recorded  the  pressure  upstream 
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of  an  input  orifice  and  output  orifice,  the  pressure 
between  the  inner  and  outer  envelope  as  well  as  the 
switch  pressure.  All  these  transducers  were  connected 
by  a  three  foot  long  1/4  Tygon  line  to  obtain  electro¬ 
static  insulation.  So  attempts  were  made  at  this  time 
to  get  msec  type  pressure  resolution. 

Two  dual  channel  oscilloscopes,  two  dual  channel 
high-speed  digitizers  with  200  MHz  throughput  and  two 
strip  chart  recorders  were  used  to  record  a  number  of 
important  functions.  A  24-channel  strip  chart  recorder 
recorded  the  output  of  strain  gauges  and  timing  signals. 
This  recorder  was  typically  used  with  a  paper  speed  of 
10  inches/sec  (maximum  80).  A  12-channel  optical 
recorder  was  r.sed  for  signals  requiring  kilohertz  type 
response  and  could  be  operated  at  the  maximum  paper 
speed  of  160  in/sec  and  did  allow  the  direct  recording 
of  the  switch  test  bed  charging  cycle.  In  combination 
with  passive  pulse  stretching  circuits  a  recording  of 
trigger  and  discharge  signals  was  obtained.  This  type 
of  diagnostics  did  not  only  yield  dming  information  of 
submillisecond  resolution,  but  also  gave  some  quantita¬ 
tive  information  of  average  signal  level  and  duration. 

Gas  Flow  System 

For  this  experiment  we  used  an  available  gas  flow 
system  with  a  maximum  mass  flow  capability  of  2  lbs/sec 
of  air.  This  mixing  and  gas  flow  system  can  be  used 
with  practically  any  kind  of  noncorrosive  gas  mixture; 
however,  only  air  was  used  for  these  experiments. 

The  air  supply  system  consists  of  a  10  cfm  air 
compressor  and  air  dryer.  Dry  air  is  stored  in 
cylinders  at  2000  psig  and  provided  the  storage  for 
extended  run  durations.  The  output  can  be  regulated 
between  0-250  psig.  Two  one  inch  lines  served  as 
supply  lines  from  che  dome  regulator  output  to  the  cest 
bed. 

Experimental  Result 

We  started  the  experimental  effort  by  determining 
the  spark  gap  self  breakdown  curve  over  the  voltage 
range  from  48  to  100  kV.  For  this  purpose  we  use  the 
complete  test  bed,  pressurized  the  TIG  such  that  it 
would  not  self-trigger,  selected  a  static  spark  gap 
pressure  and  slowly  charged  the  capacitors.  This 
procedure  yielded  che  following  straight  line  fit  with 
95X  of  all  data  points  following  within  +  3%; 

kv 

l'SB  •  48  kV  4-  2.67  ^  P  (1) 

where  P  is  the  swicch  pressure  in  psig  It  further  was 
9hown  that  by  recharging  the  capacitors  within  =  1 
minute  without  flushing  the  gap  breakdown  did  generally 
occur  at  10-20S  low  voltage.  This  indicated  that  flush¬ 
ing  of  the  hot  gas  and  removing  of  other  by-product  is 
desirable . 

The  operating  switch  pressure  was  selected  empiri¬ 
cally  to  yield  good  switch  performance.  We  found  that 
a  pressure  of  56  +  4  psig  gave  a  high  reliability  of 
repetitively  pulsed  operation  with  minimal  gas  flow 
requirement.  Runs  up  to  68  psig  were  undertaken  wich 
no  noticeable  changes.  By  using  56  psig  in  Equation  1 
we  conclude  that  for  most  of  the  130  kV  runs,  the 
switch  operated  at  66t  of  static  breakdown.  This  is 
close  to  the  theoretical  optimum  of  a  mid-plane  gap. 

As  one  side  of  the  gap  breaks  down  the  second  half  is 
overvolcaged  by  1.32.  Operating  closer  to  the  self¬ 
breakdown  voltage  will  increase  the  prefire  probability, 
while  operating  at  a  higher  pressure  may  cause  diffi¬ 
culties  in  breakding  down  the  second  half  of  the  switch  i 
or  cause  significant  jitter.  ( 

For  the  majority  of  runs  an  output  orifice  of 
0.201"  diameter  was  used.  This  orifice  was  calibrated 
and  yielded  a  discharge  coefficient  of  0.75.  This 
yields  a  mass  flow  of  3.9x10*2  lb/sec  (17  gr/sec)  of 


air  per  switch  side. 

A  convention  adopted  for  the  evaluation  of  a  gap 
recovery  is  the  number  of  time*  the  volume  between  the 
electrodes  has  to  be  flushed  in  a  time  period  given  by 
previous  shot  and  the  time  full  voltage  is  reapplied  to 
the  gap.  Using  the  volume  defined  by  the  i iectric  field 
of  E  >  0.8  a  volume  per  side  of  *  30  is 

obtained.  It  follows  that  the  volume  exchange  with  the 
0.201:  orifice  was  1.6  times  during  the  16.7  msec 
recharging  cime.  Of  interest  is  to  note  that  experi¬ 
mentally  the  pretrigger  rate  appeared  to  be  less  at  40 
pps  than  at  lower  repetition  rate.  This  is  not  unex¬ 
pected  since  with  a  fixed  recharge  time  che  switch  did 
not  have  to  hold  off  full  voltage  as  long  at  the  higher 
repetition  rate.  It  remains  to  be  shown  if  this  trend 
would  continue  to  che  maximum  (60  pps  for  this  charging 
inductor)  repetition  rate,  or  if  other  effects  would 
start  to  dominate. 

We  proceeded  to  set  up  a  run  condition  by  typi¬ 
cally  dialing  in  eight  shots.  This  number  was  conve¬ 
nient  since  our  digitizer  had  a  maximum  storage  of  eight 
shots.  Once  the  diagnostic  and  switch  performance  was 
satisfactory  we  increased  the  burst  durations  to  several 
seconds,  typically  without  degradation  of  performance. 

At  20  pps  we  made  several  500  pulse  bursts  and  one 
1.000  shot  burst  with  full  charge  and  a  voltage  of  130 
kV.  One  500  shot  burst  had  no  pretrigger  pulse.  The 
1,000  pulse  burst  had  12  pretriggered  pulses  randomly 
distributed  throughout  che  run.  All  breakdowns 
occurred  at  or  nearly  at  full  charge  and  full  recovery 
took  place  for  che  next  recharging.  The  heating  of  the 
load  resistor  did  limit  us  to  1,000  full  charge  shots, 
from  the  available  diagnostics  it  was  not  clear  what 
caused  the  pretrigger  problem,  however,  some  data 
indicated  that  most  likely  the  TIG  was  che  culprit  since 
che  pretrigger  statistics  could  be  altered  by  the  TIG 
gas  flow  rate  and  pressure. 

As  we  Increased  the  repetition  rate  beyond  che  25 
pps.  the  run  duration  was  limited  to  a  few  seconds  by 
the  power  supply.  We  obtained  one  second,  full  charge 
(130  kV) ,  bursts  at  40  pps  without  pretriggers,  with  no 
change  in  the  waveform  or  indications  of  switch  or  test 
bed  problems.  To  Increase  che  40  pps  data  base  we 
selected  to  reduce  the  tesc  bed  capacicor  to  50%  (1.1 
uF)  this  not  only  allowed  us  to  operate  the  power 
supply  for  longer  durations  but  also  cested  the  switch 
with  a  12  msec  recovery  time.  Wich  this  set  up  we  made 
several  one  second  bursts  and  one  1400  shot  burst  with¬ 
out  major  problems. 

Finally  we  reduced  the  output  orifices,  reducing 
che  flush  factor  from  che  original  value  1.6  to  1.24, 
0.91,  0.65,  0.51,  and  0.31  respectively.  With  che 
0.51  flush  che  Incidence  of  precrlggers  began  to  be 
noticeable,  while  with  a  flush  of  0.31  5%  of  che  shots 
pretriggered.  The  number  of  shots  taken  at  these  con¬ 
ditions  was  not  sufficient  to  derive  self-fire  statis¬ 
tics;  however,  from  this  flow  reduction  tesc  It  can  be 
concluded  that  Chi3  type  of  switch  can  be  operated  with 
a  reasonable  realiabllltv  with  a  flush  factor  of  0.5  to 
1.0  for  full  recovery  without  flow  modification. 

Further  reduction  may  be  possible  wich  flow  improvement. 

Figure  4  b.c  show  the  discharge  current  super¬ 
positions  for  a  burst  of  40  pulses  and  repetition  rate 
of  40  pps  at  a  charge  voltage  of  *  130  kV.  The  super¬ 
position  of  the  recharging  current  is  shown  in  Figure 
4  a.  Figure  5  shows  the  first  eight  traces  of  a  500 
pulse  burst  at  20  pps,  as  recorded  by  the  two  digitizers. 
The  cop  trace  is  the  trigger  signal,  while  the  lower 
trace  glvs  the  discharge  current.  A  typical  optical 
recorder  ■  see  Is  given  In  Figure  6. 

During  the  tesc  series  we  accumulated  a  total  of 
5419  shots  on  the  spark  gap  and  transferred  a  total  of 
-  5056  coulombs.  The  erosion  of  che  electrode  material 
turned  out  to  be  less  than  anticipated,  and  consequently, 
was  not  accurately  determined.  The  measured  change  in 
gap  was  less  than  0.001-0.002  Inches  and  the  change  in 


mass  of  each  electrode  was  less  than  0.5  grams.  Both 
of  these  figures  are  consistent  with  sn  erosion  rate  of 
<  10*4  gr/coul;  however,  the  accuracy  of  the  measure¬ 
ments  are  about  che  same  magnitude  as  chs  chsngs.  From 
the  electrode  discoloration  it  appears  that  most  arcs 
struck  predominantly  around  che  inner  and  outer  edges. 
This  implies  that  more  rounding  is  needed  to  relieve 
the  enhancement  and  insure  more  uniform  erosion. 


Initial  Marx  switch  tests  were  performed  on  a 
particular  switch  with  a  power  transfer  of  *  0.5  mega¬ 
watt,  volcage  of  130  kV,  repetition  rate  of  40  pps, 
ring  up  period  of  16.7  msec  and  charge  cransfer  of 
approximately  one  coulomb  per  shot.  These  tests 
demonstrated  successful  spark  gap  switch  performance  up 
to  che  various  limits  of  che  selected  facility.  Theee 
tests  were  performed  with  a  straight  L-C  charging 
without  the  use  of  a  command  charge  system.  Uith  the 
use  of  air  che  switch  recovered  fully  during  the  16.9 
msec  charging  time  with  a  minimum  flush  factor  of  = 

0.5.  Half  power  test  with  ring  up  time  of  12  msec 
indicate  that  the  repetition  rate  of  this  type  of 
switch  may  be  at  least  extended  to  the  80-100  pps 
repetition  race  range.  An  upper  limit  of  i.OxlO-4 
gr/coulombs  electrode  erosion  was  observed.  Full 
energy  runs  with  1000  shots  suggest  that  with  some 
switch  modifications  this  type  of  switch  may  be  used 
reliably  for  long  duration  applications. 
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Figure  I  Simplified  electrical  schematics  of  the 
initial  Marx  switch  test  facility.  The 
two  3.8  pF  capacitors  were  replaced  dur¬ 
ing  the  tests  by  a  2.1  uF  capacitor 
stack. 
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figure  2  Test  bed  removed  from  oil  tank.  The 
load  resistor  is  hidden  behind  the 
capacitor  and  spark  gap  assembly. 
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Figure  4  Oscilloscope  traces  tor  a  typical 

40  pps,  130  kV,  18.2  kJ .  1.6  flush, 
and  40  pulse  burst. 
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Figure  5  Trigger  signal  and  switch  current  of 
the  first  eight  pulses  as  recorded 
by  one  digitizer.  The  recording  is 
of  a  20  pps,  130  kV,  18.2  kJ ,  and 
500  pulse  burst. 
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Figure  3  Photograph  of  spark  gap  with  the  inner 
envelope  removed. 
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Figure  6  Beginning  and  end  of  a  20  ppa, 

130  kJ,  18.7  kJ,  and  500  pulse  burst 
optical  recorder  crace.  The  trigger 
ciaing  is  synchronized  to  the  zero 
crossing  of  the  primary  power  shown 
on  the  top  trace.  The  recording 
starts  with  closure  of  the  vacutai 
switch.  The  first  triggered  pules 
occurred  about  160  msec  later. 
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Summary 

We  have  been  exploring  the  use  of  high-beam- 
qualitv  L'V  lasers  to  trigger  megavolt  gas  switches 
essential  in  many  large  puised-power  systems.  Using 
less  than  0.1  Joule  from  a  KrF  oscillator-amplifier 
laser  system  (unstable  resonator  with  ~  100  microradian 
divergence)  to  trigger  a  2.8  MV  gas  switch  insulated 
with  SF^ ,  we  have  achieved  triggering  with  a  1— J  jitter 
of  0.5  nsec  foi  voltages  varving  from  707  to  907  of  the 
self-breakdown  voltage  of  the  switch.  The  triggering 
delay  between  the  laser  pulse  and  the  switch  closure  is 
relatively  insensitive  to  switch  voltage  variations, 
changing  by  as  little  as  1.5  nsec  for  a  107  change  in 
voltage.  Parametric  studies  of  laser  triggering  with 
lenses  of  different  focal  lengths  and  at  various  input 
laser  energies  have  been  discussed. 


Abstract 

We  are  investigating  the  use  of  UV  lasers  to 
trigger  multi-megavolt  gas  switches  found  in  many  large 
puised-power  systems.  Using  77  mJ  from  a  low-diver¬ 
gence  (100-urad)  KrF  laser  system  to  trigger  a  2.8-MV 
switch,  we  have  demonstrated  a  1-<J  jitter  of  0.5  ns  for 
a  series  of  applied  voltages  ranging  from  657  to  907,  of 
che  self-break  voltage.  (Jitter  is  defined  as  devia¬ 
tion  of  the  data  points  from  a  best  fit  line  through 
the  data.)  In  this  sequence  of  measurements,  the 
triggering  delay  was  relatively  insensitive  to  voltage 
variations,  changing  by  only  —  2  ns  for  a  107  change  in 
voltage.  The  low-divergence  KrF  beam  is  focused 
through  a  hole  in  one  switch  electrode,  forming  a 
breakdown  arc  in  che  high-pressure  SFj  between  the 
electrodes.  Breakdown  arcs  have  been  demonstrated 
which  stretch  all  the  way  across  the  11-cm  electrode 
gap  in  the  2.8-MV  switch.  The  sudden  appearance  of 
this  conductive  breakdown  arc  triggers  the  switch. 
Techniques,  applications  and  results  will  be  discussed. 


Introduction 

Today  various  areas  of  puised-power  research 
demand  low  Jitter  triggering  of  high  voltage,  high 
current  gas  switches.  This  requirement  is  especially 
vital  for  Inertial  Confinement  Fusion  (ICF)  work  being 
conducted  with  the  Particle  Beam  Fusion  Accelerators 
(PBFA)  at  Sandia  National  Laboratories.  For  example, 
PBFA-I  is  a  light-ion-beam  fusion  driver  constructed 
to  deliver  In  A0  nsec  a  particle  beam  having  a  total 
energy  of  10®  Joules  to  an  ICF  target.*  Timing  of  this 
particle  beam  is  controlled  by  up  to  thirty-six  gas 
switches,  each  of  which  must  hold  off  a  pulsed  voltage 
of  about  2.8  megavolts,  then  be  triggered  vlth  temporal 
jitter  of  a  few  nanoseconds  and  conduct  a  current  of 
about  10s  amperes  repeatedly  without  damage.  Other 
triggering  applications  involve  6  MV  switching  for 
PBFA-II  (now  under  construction) . 

Extensive  experimental  research  and  some  theore¬ 
tical  treatment  involving  laser-triggering  of  gas 
switches  using  visible  and  Infrared  lasers  has  already 
been  performed;  an  excellent  review  of  this  work  Is 


*  This  work  performed  at  Sandia  National  Laboratories 
supported  by  the  U.S.  Department  of  Energy  under 
contract  number  DE- AC04- 76 DP00 789 . 


given  by  Guenther  and  Bettis. ^  These  visible/IR  exper¬ 
iments  typically  focus  the  laser  beam  to  produce  a 
point  plasma  on  one  switch  electrode,  thereby  trig¬ 
gering  the  switch.  Generally,  this  technique  attains 
excellent  results  for  moderate  voltage  switches  having 
short  gap  spacings  (4  1  cm);  however,  for  large  gaps 
v—  10  cm)  operating  at  voltages  above  one  megavolt,  the 
triggering  behavior  is  somewhat  degraded.  Subnano¬ 
second  jitter  typically  is  obtained  only  at  voltages 
well  above  90%  of  self-breakdown  voltage  (SBV)  or  wich 
extremely  high  laser  power,  and  also  most  results  are 
obtained  only  in  gas  mixtures  consisting  mainly  of 
argon  at  very  high  pressures. 2 

Accordingly,  we  have  directed  our  efforts  towards 
a  different  mechanism  to  trigger  the  switch.  Instead 
of  generating  a  point  plasma  at  one  electrode,  we 
utilize  a  volume  interaction  between  che  UV-laser 
radiation  and  the  insulating  gas  in  the  switch  to  pro¬ 
duce  an  ionized  channel  between  the  switch  electrodes. 
Bradley  and  Davies^  investigated  such  volume  inter¬ 
actions  of  UV  laser  radiation  with  dielectric  gases  in 
a  switch  in  1971,  but  since  the  only  UV  lasers  avail¬ 
able  then  had  poor  beam  quality  and  low  output  energies, 
the  technique  was  not  pursued  further.  Recently, 
Rapoport  et  al.  determined  that  SFg  gas  breaks  down 
in  a  KrF  laser  field  (2A8  nm)  at  an  order  of  magnitude 
lower  intensity  than  does  room  air  and  utilized  this 
technique  to  trigger  an  80  kV  spark  gap  insulated  with 
SF  .  This  result  is  significant  because  most  high 
voltage  switches  use  pure  SF^  (a  common,  high-dielec¬ 
tric-strength  gas)  to  minimize  electrode  spacing  and 
required  gas  pressure.  Previously,  we  used  a  KrF 
laser  for  UV  laser  triggering  of  both  a  0.5  MV  pulse- 
charged  switch5  and  a  multi-megavolt  switch.  This 
paper  reports  a  further  extension  of  that  work  to  the 
full  scale  testing  of  a  2.8  MV  SBV  gas  switch  similar 
to  those  in  use  on  PBFA-I. 


Apparatus 

The  gas  switch  used  in  these  experiments  had  10  cm 
diameter  hemispherical  stainless  steel  electrodes  which 
were  spaced  11  cm  apart.  The  laser  beam  entered  the 
switch  through  a  6  tm  diameter  hole  in  the  (grounded) 
anode  and  was  focused  to  a  point  approximately  centered 
between  the  electrodes.  The  laser  energy  that  passed 
through  the  arc  struck  the  cathode  and  formed  a  point 
plasma  on  the  cathode  surface,  which  may  have  assisted 
the  triggering  process.  The  switch  was  Insulated  with 
3100  torr  of  SF,.  The  voltage  source  for  the  switch 
was  a  35-stage  Marx  generator  used  in  the  circuit  shown 
in  Figure  1.  This  circuit  provided  a  pulse  with  a 
(1  -  cos  ut)  waveform  rising  to  abont  a  3  MV  peak 
voltage  in  650  nsec.  The  switch  was  triggered  on  the 
rising  portion  of  this  waveform.  The  switch  voltage 
was  monitored  by  integrating  the  signal  from  a  current 
viewing  resistor  (CVR)  located  in  series  with  the  peak¬ 
ing  capacitor.  Sviteh  closure  was  monitored  with  a 
B  probe  located  adjacent  to  the  switch.  This  probe 
provided  a  signal  proportional  to  the  derivative  of  the 
current  through  the  switch. 

The  laser  used  in  these  experiments  was  a  KrF 
oscillator-amplifier  system  that  provided  a  6  ass  x  20 
<ma  rectangular  beam  with  an  output  energy  of  0.13  J  per 
pulse  and  a  20  nsec  pulselength  (FWHM) .  The  laser 
divergence  half  angle,  measured  by  scanning  a  pinhole 
across  the  focused  beam,  was  100  microradians.  This 
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Figure  1.  Schematic  of  Che  basic  components  for  che 
2.8-MV  switch  experiments . 

system,  which  has  been  previously  described,^  consisted 
of  a  KrF  oscillator  in  a  stable  cavity  configuration 
with  the  oucput  spatially  filtered  to  obtain  a  low- 
divergence  beam.  This  low-divergence  beam  was  In¬ 
jected  into  che  amplifier  which  employed  a  positive- 
branch  confocal  unstable  resonator  with  a  magnifica¬ 
tion  of  ten.  Optically,  our  oscillator-amplifier 
setup  was  similar  to  chat  described  by  Coldhar  et  al. 
except  that*  we  had  no  provision  for  spectral  line 
narrowing.  It  was  necessary  to  reduce  the  timing 
jitter  between  the  oscillator  and  amplifier  to  lass 
than  +  2  nsec  in  order  to  obtain  a  repeatable  low- 
divergence  oucput  from  the  amplifier. 

Three  dielectric-coated  UV  mirrors  were  used  to 
steer  the  laser  beam  to  the  top  of  the  oil-filled 
tank  containing  the  switch  and  Marx  generator.  The 
time  history  of  the  laser  pulse  was  monitored  with  an 
ITT  F4018  UV  photodiode  (response  time  <  1  nsec), 
laser  energy  was  measured  with  a  2.5  cm  diameter 
Sclentech  calorimeter,  which  was  positioned  immediate¬ 
ly  before  the  lens  that  focused  the  laser  beam  Into 
che  switch.  A  final  diagnostic  to  check  beam  quality 
was  a  glass  cylinder  having  a  UV  entrance  window  and 
filled  with  1600  Torr  of  SF,.  The  laser  beam  could  be 
diverted  and  focused  into  tnis  cylinder  to  form  a 
visible  breakdown  arc  in  the  SF^.  Pictures  were  taken 
of  successive  arcs  in  this  cylinder  to  determine  shot- 
to-shot  repeatability  of  the  arc;  typically,  the 
lengths  of  breakdown  arcs  were  repeatable  to  +  101. 

For  earns  experiments,  che  laser  beam  was  uniformly 
attenuated  by  partially  transmitting  dielectric- 
coated  mirrors. 

To  determine  switch  closure  relative  to  the 
arrival  of  tha  laser  pulse  In  the  switch,  the  signals 
from  the  UV  photodiode  and  the  B  monitor  were  moni¬ 
tored  on  a  dual-beam  oscllliscope  (Tektronix  7844) 
and  a  CAMAC-micro-computer.  The  computer  system 
employed  level  crossing  discrimination  using  LeCroy 
model  2228A  tlme-to-digltal  converters  (TOC)  to 
measure  the  interval  between  the  time  the  photodiode 
signal  and  the  B  signal  crossed  predetermined  thresh¬ 
old  voltages  (see  Figure  2).  The  switch  voltage  vas 
digitised  with  a  LeCroy  model  2259A  peak  sensing 
analog-to-dlgital  converter  and  recorded.  The  micro¬ 
computer  provided  no  pulse  shape  information  but  de¬ 
fined  the  delay  Interval  to  an  accuracy  of  +  100  psec. 
The  oscilliscope  trace  provided  overall  pulse  shape 
information  and  a  cross  check  of  the  delay  Interval 
to  an  accuracy  of  —  1  nsec.  Since  the  absolute  value 
of  the  delay  interval  was  a  parameter  of  interest  in 
these  experiments,  cable  lengths  and  optical  paths  for 
the  UV  photodiode  and  switch  current  signals  were 
determined  to  an  accuracy  corresponding  to  +  1  nsec. 


PULSE 


Figure  2.  Oscilliscope  traces  showing  time  dependence 
of  the  laser  pulse  (lower  trace)  and  time 
derivative  of  switch  current  (upper  trace). 
Approximate  times  at  which  the  time-to- 
digital  converters  turned  "on"  and  "off” 
and  the  subsequent  value  of  "delay"  are 
shown  for  this  shot.  After  switch  closure, 
the  trace  showing  the  laser  pulse  becomes 
dominated  by  electrical  noise.  Time  scale 
is  10  ns  per  division. 
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Figure  3.  Graph  of  time  delay  to  switch  closure  ver¬ 
sus  voltage  for  a  2.8  MV  KrF  laaer-trig- 
gered  switch.  Laser  energy  was  focused  by 
a  100  cm  focal-length  lens  to  produce  an  arc 
centered  in  che  11  cm  gap.  The  1-0  jitter, 
defined  as  deviation  from  a  least-squares 
fit  to  Che  straight  line  through  the  data, 
is  500  psec. 


Results 

Tha  results  of  two  different  experiments  are 
reported  in  this  section.  In  order  to  determine 
optimal  focus,  laser-triggering  performance  was 
examined  with  120  aj  of  laser  energy  focused  into  the 
switch  through  different  lenses  with  focal  lengths 
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Table  I.  -  KrF  Laser  Triggering  Results  for  120  mJ  Input  Laser  Energy 


Focal  Length 
of  Lens  (cm) 

Laser  Arc 
Length 

iss) _ 

1-c  Jitter 
(ns) 

AT  Delay 
80-901  of 

SBV  (ns) 

T  Delay  at 
80*  of  SBV 

200 

11 

0.77 

1.4 

10 

100 

6 

0.50 

2.8 

11 

50 

3 

0.76 

2.8 

13 

20 

1 

3.2 

13 

31 

ranging  from  20  cn  to  200  cm.  The  lens  was  placed  as 
shown  in  Figure  1  and  located  so  that  the  breakdown 
arc  in  the  SFg  was  roughly  centered  in  the  11  cm  elec¬ 
trode  gap.  Plano-convex  Suprasil-quartz  lenses  were 
used  with  the  flat  side  toward  the  focus  to  minimize 
third-order  image  aberrations.  Figure  2  shows  a 
typical  oscilliscope  trace  of  the  laser  pulse  from  the 
UV  photodiode  and  the  derivative  of  the  switch  current 
as  seen  by  the  B  monitor.  The  laser  pulse  shape  and 
the  i  signal  rise  time  were  both  repeatable  to  better 
chan  101,  although  the  i  leading  pulse  amplitude  did 
scale  with  switch  voltage.  Figure  3  shows  typical 
triggering  delays  plotted  versus  percent  of  the  2.8 
MV  self-breakdown  voltage  of  the  switch  taken  with  a 
100  at  focal-length  lens.  A  straight  line  fit  to  the 
data  is  also  shown.  Jitter,  defined  as  deviation  of 
the  data  from  the  straight  line  has  a  one  standard 
deviation  (l-o)  value  of  500  paec  for  the  data  shown. 
The  switching  delay  is  relatively  insensitive  to 
voltage,  with  delay  changing  by  only  2.8  ns  between 
80  and  90Z  of  the  self-breakdown  voltage  (AT  Delay  in 
Table  I).  A  summary  of  the  data  obtained  with  the 
different  lenses  Is  shown  in  Table  I.  For  lenses  with 
focal  lengths  of  50  cm  or  longer,  subnanosecond  jitter 
was  obtained  in  the  Z.8-MV  switch. 

Table  I  also  lists  the  visible  arc  length  ob¬ 
served  in  the  SF^- filled  glass  cylinder  for  each  lens. 
It  is  Interesting  to  note  that  with  the  50  cm  focal- 
length  lens,  subnanosecond  jitter  was  obtained  even 
though  the  visible  arc  extended  only  about  one-third 
of  the  distance  between  the  two  electrodes.  The  value 
of  the  switching  delay  at  80S  of  SBV  (T  Delay  in  Table 


I)  shows  a  clear  trend  with  delay  increasing  as  the 
breakdown  arc  becomes  shorter.  It  should  be  noted  that 
there  is  still  some  arbitrariness  in  the  absolute  value 
given  for  T  Delay.  The  laser  pulse  Itself  had  a  rise- 
time  of  approximately  5  ns.  The  risetlme  of  the  cur¬ 
rent  in  the  switch  was  greater  than  8  ns.  Therefore, 
the  voltage  level  selected  as  the  "beginning"  of  the 
laser  and  switch  current  pulses  had  a  strong  effect  on 
the  value  of  "delay"  that  was  observed;  this  result  is 
inherent  in  the  use  of  level  crossing  discriminators. 
For  the  data  presented  in  Table  I,  the  "delay"  clock 
started  about  2  ns  after  the  beginning  of  the  laser 
pulse  and  stopped  about  4  ns  into  the  switch  current 
pulse.  For  the  data  presented  next,  slightly  different 
voltage  levels  were  chosen,  resulting  in  differing 
absolute  values  of  delay. 

Switching  performance  was  also  examined  as  a  func¬ 
tion  of  laser  pulse  energy  using  a  50  cm  focal-length 
lens.  Figure  4  shows  the  time  delay  as  a  function  of 
percent  of  self-breakdown  voltage  for  five  different 
input  laser  energies.  Also  shown  in  Figure  4  for  each 
laser  energy  is  a  least-squares-flt  to  a  straight  line, 
which  reveals  that  the  delay  can  be  well  represented 
between  ~  65-90Z  of  self-break  voltage  by  a  linear 
function.  Further  details  of  this  linear  time  delay 
behavior  are  listed  in  Table  II.  It  is  apparent  that 
delay  decreases  with  Increasing  laser  energies.  Per¬ 
haps  more  important  for  practical  switches  is  that  the 
slope  of  the  delay  versus  percent  of  SBV  line  decreases 
with  increasing  laser  energy.  From  Table  II  for  the 
highest  tested  laser  energy  of  127  mJ,  the  delay  varies 
by  only  ~  1.5  nsec  for  a  variation  of  switch  charge 


Table  II.  -  Behavior  of  11  cm  Gap  PBFA  I  Switch  Triggered  with  a  Low  Divergence 
KrF  Laser  Focused  with  a  50  cm  Focal  Length  Lens 


Switch  Input 
Laser  Energy 
(mJ) 

127 

Laser  Arc 

Length 

(cm) 

T  Delay  at 

80*  of  SBV 
(ns) 

AT  Delay 
80-90*  of 

SBV  (ns) 

1-0  Jitter 
(ns) 

3.1 

17 

1.5 

0.66 

no 

2.5 

* 

2.4 

0.53 

77 

1.7 

19 

2.5 

0.51 

60 

1.6 

* 

2.6 

0.35 

40 

1.3 

21 

3.3 

0.71 

30 

1.1 

26 

5.7 

1.56 

27 

1.0 

28 

7.0 

1.32 

*  Different  triggering  levels  were  used  on  these  two  scans,  producing  displaced 
delay  values. 
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voltage  of  about  280  kV  (102  of  the  SBV).  Further, 
the  1-c  jitter  of  the  fitted  line  generally  Increases 
with  decreasing  laser  energy.  It  Is  noteworthy  that 
subnanosecond  switching  jitter  is  obtained  for  laser 
energies  as  low  as  40  mj.  Finally,  Inspection  of 
Figure  4  also  reveals  that  the  extent  of  the  linear 
dependence  region  Increases  with  increasing  laser 
energy.  Therefore,  for  laser  energies  above  40  nJ, 
predictable  switch  performance  can  be  obtained  below 
802  of  the  self-break  voltage  where  the  prefire 
probability  is  low. 
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Figure  4.  Graph  of  time  delay  to  switch  closure 
versus  voltage  for  a  2.8  MV  KrF- laser- 
triggered  switch.  Energies  varying  from 
127  to  27  mJ  were  focused  by  a  SO  cm  focal- 
length  lens  to  produce  an  arc  centered  in 
the  11  cm  gap.  Least-squares-flt  lines  to 
the  data  are  shown  for  each  laser  energy. 


Switching  delay  as  a  function  of  percent  of  SBV 
over  an  extended  range  for  a  laser  input  energy  of  127 
ml  is  illustrated  in  Figure  S.  Here  the  linear  region 
extends  from  —  53  to  902  of  SBV,  and  delays  shorter 
than  40  nsec  occur  for  charging  voltages  down  to  about 
45X  SBV.  Evan  in  the  low  45-552  SBV  region,  jitter  is 
only  a  few  nanoseconds.  For  voltages  less  than  452 
SBV,  the  daisy  Increases  very  rapidly.  All  of  the 
time  delay  data  versus  percentage  of  SBV  exhibit  tha 
same  general  shape,  but  the  onset  of  the  rapid  in¬ 
crease  in  delay  occurs  at  higher  voltages  as  laser 
energy  is  lowered. 

The  delay  time  at  802  of  SBV  as  a  function  of 
laser  energy  is  shown  in  Figure  6.  For  this  switch, 
an  energy  threshold  at  —  40  mJ  is  exhibited,  as  delay 
very  rapidly  Increases  for  input  laser  energy  lass 
than  this  value.  Tha  tins  delay  to  switch  closure  at 
802  of  SBV  at  this  threshold  energy  level  is  about 
22  ns,  which  very  closely  corresponds  to  the  laser 
pulse  width.  This  sudden  Increase  in  delay  times  whan 
the  delay  becomes  longer  than  the  "affective  laser 
pulse  length"  has  been  previously  observed  in  visible  , 
and  infrared  laser  triggered  switching  investigations. 
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Figure  5.  Graph  of  delay  versus  voltage  for  a  2.8  MV, 
KrF  laser-triggered  switch  with  127  mJ  of 
laser  energy  focused  by  a  50  cm  focal-length 
lens.  The  "low  jitter”  triggering  region 
extends  below  602  of  the  self  break  voltage 
of  the  switch. 


20  40  u  x>  100  120 


Krf  LASER  EKRCY  Imjl 

Figure  6.  Graph  of  switching  delay  at  802  of  the  self- 
breakdown  voltage  of  the  switch  versus  laser 
energy  focused  by  a  50  cm  focal-length  lens. 
Delay  increases  sharply  after  the  delay 
becomes  longer  than  the  —  20  nsec  long  laser 
pulsa. 

Switch  jitter  and  the  slope  of  the  linear-fit  line 
of  tha  switching  delay  as  functions  of  laser  energy  are 
shorn  in  Figure  7.  Tha  jitter  increases  rapidly  for 
energies  lass  than  40  mJ  (l.a.  switching  delays  longer 
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Figure  7.  Graph  of  che  1-0  Jitter  and  the  slope  of 

the  linear-fit  line  of  delay  versus  voltage 
as  a  function  of  laser  energy.  Both  jitter 
and  slope  rise  sharply  for  laser  energies 
below  40  mJ. 


2.6  x  10 ^  w/cm  in  3100  Torr  of  S?g  fo  c-rf  20  nsec  KrF 
laser  pulse.  This  intensity  agrees  weir,  with  earlier 
breakdown  thresholds  measurements2  and  within  a  factor 
of  2  with  other  investigations4  which  defined  breakdown 
differently. 


Conclusions 

We  have  demonstrated  that  UV- laser  triggering  can 
produce  subnanosecond  jitter  in  a  2.8-HV,  SF,-insulated 
gas  switch  with  <  50  aJ  of  laser  energy.  This  subnano¬ 
second  jitter  has  been  obtained  at  voltages  between  752 
and  902  of  the  self-breakdown  voltage,  where  prefires 
are  unlikely.  The  switching  delay  is  short  (10-25  ns) 
and  is  relatively  insensitive  to  voltage  with  delay 
changing  by  as  little  as  1.5  ns  between  80  and  902  of 
the  self-breakdown  voltage  of  the  switch.  In  one  case, 
low-jitter  triggering  (a  few  ns  jitter)  has  been  demon¬ 
strated  at  only  502  of  the  self  breakdown  voltage  of 
the  switch.  Thus,  LTV-laser-triggered  switches  appear 
to  exceed  all  of  the  triggering  requirements  for  large 
multiple-switch,  pulsed-power  generators  such  as  PBFA-I. 
The  use  of  UV  lasers  provides  dramatic  improvement  in 
command-trigger  performance  and  yields  results  unob¬ 
tainable  with  other  methods. 
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chan  che  laser  pulse  width.)  Similarly,  the  slopes  of 
the  linear-fit  delay  lines  Increase  to  undesirably 
large  values  for  J sser  energies  below  the  threshold 
value.  In  fact,  all  the  data  shown  in  Figures  6  and 
7  exhibit  remarkably  similar  shapes,  rising  rapidly  for 
energies  below  threshold  and  remaining  relatively 
insensitive  to  energies  above  threshold.  One  explana¬ 
tion  which  was  advanced  by  Cuenther  and  Bettis2  is  that 
for  switching  delays  less  than  the  laser  pulse  width, 
the  laser  radiation  functions  as  a  continuous  ioniza¬ 
tion  source  which  smooths  out  variations  in  the 
avalanche  buildup  of  the  breakdown  arc  in  the  switch. 
Low  switching  jitter  results  if  the  laser  pulse  is 
repeatable.  However,  once  the  switching  delay  exceeds 
che  laser  pulse  width,  the  statistical  fluctuations  in 
avalanche  buildup  produce  much  larger  switching  jitter. 

Finally,  gas  breakdown  with  no  applied  voltage 
was  briefly  examined  experimentally.  The  minimum  laser 
energy  capable  of  producing  a  visible  arc  in  the  SF^- 
fllled  glass  pipe  at  the  focus  of  a  50-cm-focal-length 
lens  was  found  to  be  5  mJ.  The  100  yrad  beam  diver¬ 
gence  Implies  a  threshold  breakdown  intensity  of  about 
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Summary 


The  erosion  rate  for  hemispherical  electrodes 
2.5  cm  in  diameter  made  of  graphite,  copper-graphite, 
copper-tungsten,  brass,  and  stainless  steel  has  been 
examined  in  a  spark  gap  filled  with  air  or  nitrogen  at 
1  atmosphere.  The  electrodes  were  subjected  to  50,000 
unipolar  pulses  (25  us,  4-25  kA,  5-30  kV,  .1-.6  eoul/ 
shot)  at  repetition  rates  ranging  from  0.5  to  5  Hz.  A 
conditioning  process,  indicated  by  a  shifting  and 
narrowing  of  the  self-breakdown  volcage  distribution, 
and  several  spectacular  surface  patterns  (craters, 
nipples  and  dendrites)  up  to  .6  cm  were  observed. 

Anode  erosion  rates  varied  from  a  slight  gain  for 
several  materials  in  nitrogen  to  5ycm’/coul  for 
graphite  in  air.  Cathode  erosion  rates  of 
.4  ycm^/coul  for  copper-tungsten  in  nitrogen  to 
25  ucm3/coul  for  graphite  in  air  were  also  measured. 


Introduction 

a 

High  energy  spark  gaps  capable  of  lasting  for  10 
shots  are  seen  as  one  of  the  critical  components  in 
pulsed  power  systems  used  for  nuclear  Isotope  separa¬ 
tion,  electromagnetic  pulse  simulation  and  thermo¬ 
nuclear  fusion  reactor...  The  performance  of  a  pressur¬ 
ized  spark  gap  as  a  high  energy  rep-rated  switching 
device  Vs  characterized  by  the  following  parameters: 
hold-off  voltage,  recovery  time,  delay  time,  and 
jitter.1  The  switch  lifetime  is  determined  by  the 
degradation  of  these  parameters  resulting  from  elec¬ 
trode  erosion,  gas  decomposition  and  disassociacion 
and  insulator  damage  occurring  as  energy  is  dissipated 
in  the  switch. 2 

The  purpose  of  this  study  was  to  measure  the 
erosion  rate  of  different  electrode  materials  as  a 
function  of  current  in  order  co  generate  a  data  base 
from  which  theoretical  models  dsscribing  the  complex 
erosion  porcess  could  be  developed  and  verified.  In 
addition,  the  self-breakdown  voltage  distributions 
and  the  electrode  and  insulator  surfaces  were  examined 
in  an  effort  to  further  define  the  erosion  character¬ 
istics  and  to  reduce  the  material  parameter  space 
used  in  future  studies. 


Experimental  Apparatus 


Spark  Gap 

The  spark  gap  shown  in  Fig.  1  was  designed  co 
facilitate  frequent  electrode  and  insulator  replace¬ 
ment  and  to  allow  for  accurate  control  over  electrode 
alignment  and  gap  spacing.  The  electrodes  are  com¬ 
posed  of  three  parts:  the  brass  support  (which  also 
serves  as  a  channel  for  air  flow),  the  brass  adapter 
and  the  electrode  tip.  The  hemispherically  shaped 
electrode  tips  are  2.5  cm  in  diameter  and  are  made  from 
the  various  materials  studied.  The  Lucite  inserts 
provide  protection  for  the  main  gap  housing  and  also 
provide  a  surface  which  gives  a  permanent  history  of 
the  discharge  debris  which  is  deposited  on  the  walls. 


wuKlwwatf 

Fig.  1.  Spark  gap  for  erosion  studies. 

Test  Circuit  and  Conditions 

Numerous  experiments  have  measured  erosion  rates 
for  high  current  (10-800  kA)  oscillatory  discharges, 
and  a  few  exist  for  high  current  (>  10  kA)  unipolar 
discharges  in  brass  and  copper. Because  of  the 
nature  of  many  switching  applications,  a  test  circuit 
capable  of  delivering  a  unipolar  puls*  was  chosen 
for  this  study.  The  circuit,  shown  in  Fig.  2,  con¬ 
sists  of  a  six  section  type  E  pulse  forming  network 
(PFN)  which  is  resistively  charged  co  the  self¬ 
breakdown  volcage  of  the  spark  gap  by  a  30  kV,  1  Amp 
conscant  voltage  power  supply.1®  When  the  gap  breaks 
down,  the  PFN  is  discharged  into  a  matched  .6  il 
high  power  load.  The  wave  form  of  the  discharge 
current  is  shown  in  Fig.  3.  The  cesc  conditions  are 
summarized  belowi 


Voltage: 

<  30 

kV 

Current: 

<  25 

kA 

Total  Capacitance: 

”  21 

UF 

Charge/shot: 

<  .6 

coul 

Energy/ shot: 

<  9 

kJ 

Pulse  width: 

*  25 

us 

Rep-rate: 

.5-5 

Hz 

Gas: 

Air  or  Nj 

Pressure: 

1 

Atm  (absolute'* 

Flow  rate: 

=  1 

Cap  volume  every  5  sec 

Gap  spacing: 

t  .8 

cm 

This  work  was  supported  by  the 
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Spark  Oar 
R«*  6fl 
Lo-2O0nH 


Experimental  Results 
Erosion  Characteristics 

The  change  In  mass  of  the  spark  gap  electrodes 
after  50,000  shots  was  measured  with  an  analytical 
balance  with  a  precision  of  l  5  mg.  The  individual 
test  conditions  and  resulting  erosion  rates  are  given 
in  Table  II.  Although  many  authors  report  erosion 
rates  in  Ugm/coul,  the  actual  factor  determining  ^ 
lifetime  is  the  volume  eroded,  hence  the  units  ycm  / 
coul.  The  results  for  brass  are  discussed  later 
because  of  the  failure  of  the  electrodes  due  to  gross 
material  extraction. 


PfN  Ceamanf  Circa* 

Fig.  2.  Test  circuit  for  erosion  studies. 


Fig.  3.  Discharge  current  waveform  (time  base  is 
l(^s/div). 


Materials  Tested 

The  electrode  materials  tested  were:  brass  (SAE 
660),  stainless  steel  (304),  copper-tungsten  (K-331,11 
graphite  (ACF-10Q),  and  copper-graphite  (DFP-1C). 

This  combination  allowed  for:  1)  a  comparison  with 
existing  data  given  for  brass  and  stainless  steel, 13 
2)  utilization  of  materials  thought  to  give  good  spark 
gap  performance, l4  and  3)  the  testing  of  one  new 
material,  namely  copper-graphite.  The  major  properties 
of  the  materials  cested  are  given  in  Table  I. 


Table  I.  Properties  of  Electrode  Materials  Tested 


Material 

Composition 

Tmp 

P 

X 

c 

B 

Cu  83X,  Pb  72, 
Sn  7X.  Zn  32 

980 

8.7 

.29 

.09 

SS 

Fe  69%,  Cr  192 
Hi  92,  Mn  22 

,  1430 

8.0 

.04 

.14 

CT 

W  672,  Cu  332 

W-3400 

Cu-1080 

13.5 

NA 

NA 

G 

C  1002 

4200 

1.83 

.21 

.20 

CG 

C  842,  Cu  162 

Cu-1080 

2.97 

.42 

.21 

Tap:  Melting  temperature, *C  (graphite  sublimes);  0: 
Density , g/ cm’ ;  X:  Thermal  conductivity,  cal/cm-sec-'C; 
c:  Specific  heat,  cal/gm-°C;  B:  Brass,  SS:  Stainless- 
steel,  CT:  Copper-tungsten,  G:  Graphite,  CG:  Copper- 
graphite  . 


Table  II.  Electrode  Erosion  Rates 


Electrode 

Gas 

7 

Q 

CE 

AE 

SS 

Air 

10.3 

.21 

1.8 

1.2 

SS 

Air 

10.6 

.22 

1.5 

1.0 

SS1 

Air 

18.0 

.37 

1.6 

1.5 

SS2*3 

n2 

7.8 

.16 

0.7 

+0.0 

CT 

Air 

9.5 

.20 

1.2 

0.4 

CT 

Air 

11.5 

.24 

1.2 

0.3 

CT 

Air 

18.0 

.37 

1.2 

0.5 

CT3 

n2 

14.8 

.31 

0.4 

0.4 

CG 

Air 

8.3 

.17 

8.5 

0.4 

CG 

Air 

16.2 

.34 

8.6 

+0.0 

CG3 

Air 

11.4 

.24 

7.2 

0.0 

CG3 

N2 

14.8 

.31 

13.5 

0.8 

G 

Air 

9.2 

.19 

24.1 

3.5 

G 

Air 

10.6 

.22 

24.6 

3.6 

G 

Air 

16.0 

.33 

23.5 

5.0 

G3 

n2 

12.9 

.27 

15.7 

0.0 

V:  Average  Voltage,  kV;  Q:  Charge/shot,  coulombs; 

CE:  Cathode  erosion,  ucm3/coul ;  AE:  Anode  erosion, 
Ucm3/coul;  1:  32,000  shots,  2:  22,000  shots,  3: 
Experiment  performed  at  approximately  851  of  maximum 
power;  +  indicates  a  gain  in  mass  was  measured. 

Material:  A  ranking  of  the  erosion  rate  for  each 
material  from  smallest  to  largest  is: 

Cathode:  Copper-tungsten,  stainless  steel, 
copper-graphite,  graphite 
Anode:  Copper-graphite,  copper-tungsten, 
stainless  steel,  graphite 

As  expected,  the  copper-tungsten  composite  gave  the 
lowest  erosion  rate.  Somewhat  suprising,  however,  was 
the  excellent  performance  of  the  stalnlese  steel  and 
the  poor  performances  of  the  graphite  materials  as 
cathodes.  From  the  results  given  for  stainless  steel 
in  a  pulsed  discharge  it  is  seen  that  the  high  erosion 
rate  reported  by  Grueber  and  Suess  for  an  oscillatory 
discharge  was  primarily  due  to  its  poor  performance  as 
an  anode  material.33  The  studies  for  graphite  were 
done  at  a  much  slower  repetition  rate  (0.03  Hz)  and 
thus,  gave  significantly  lower  erosion  rates. 

Polarity:  Unlike  previous  experiments  where 
oscillatory  current  conditions  masked  any  polarity 
effect,  a  distinct  difference  in  the  cathode  and  anode 
erosion  rate  and  most  likely  the  erosion  mechanisms 
themselves  was  observed  for  a  unipolar  pulse.  The 
ratio  of  cathode  to  anode  erosion  varied  from  1.5  for 
stainless  steel  to  16  for  copper-graphite.  Carder 
reported  ratios  of  2.5  to  5  for  brass  under  similar 

conditions. 

Cathode  erosion  rates  are  plotted  in  Fig.  4  and 
show  a  linear  dependence  upon  the  quantity  Q  -  flit 
over  the  entire  range  of  currents.  This  indicates  that 
the  main  source  of  energy  producing  molten  material  and 
subsequent  vaporization  and  droplet  ejection  Is  the  arc 
and  not  localized  i2R  losses  in  the  electrode  material. 

Anode  erosion  rates  ars  widely  scattered  with  some 
anodes  experiencing  a  gain  in  mass  due  to  material 
transfer  from  the  cathode  to  the  anode.  For  graphite 
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and  copper-tungsten,  an  anode  erosion  rate  approximate¬ 
ly'  proportional  to  Ql.5  was  observed.1* 


•.5  13  :s  :o 


3  ■  .‘idltCaul  *lflh 

Fig.  4.  Cathode  erosion  rates  for  different 
electrode  materials. 


Gas:  The  erosion  rate  for  copper-graphite  in¬ 
creased  slightly  in  Nj,  whereas  the  rates  for  all  the 
other  materials  were  smaller  by  a  factor  of  2-3.  How¬ 
ever,  because  of  other  factors  effecting  spark  gap 
performance,  namely  the  voltage  distribution  and  the 
coating  of  the  insulator  surfaces,  the  use  of  pure  1*2 
is  not  reconsended. 

Surface  Conditions 

The  surface  of  the  electrode  tips  and  the  insu¬ 
lator  Inserts  were  examined  after  50,000  shots.  The 
analysis  techniques  utilised  were  huger  electron 
spectroscopy  (AES) ,  scanning  electron  spectroscopy 
(SKM),  and  optical  photography  and  microscopy.  Some 
of  the  more  general  results  are  presented  here  with  a 
more  thorough  discussion  to  be  given  in  another  paper. 

Brass:  The  surfaces  of  the  brass  electrodes  are 
shown  In  Fig.  5.  Large  scale  malting  is  evident  with 
dendrites  or  metallic  prolusions  up  to  .6  cm  in  height 
existing  on  the  surface.  The  self-  .-eakdown  voltage 
for  these  electrodes  dropped  from  20  kV  to  30  kV  in 
approximately  2000  shots  as  a  result  of  the  macro¬ 
scopic  field  enhancement.  In  addition,  the  voltage 
distribution  was  characterized  by  a  series  of  "Jumps" 
due  to  large  particles  being  blown  off  the  ends  of  the 
prolusions.  Originally  it  was  thought  that  the  mate¬ 
rial  being  "pulled  out"  of  the  bulk  electrode  was  lead 
but  AES  analysis  Indicated  the  surface  is  composed 
primarily  of  copper  and  oxygen  with  a  notaabla  absence 
of  zinc.  From  these  results  sad  those  found  by 
Marches!  and  Maschio  it  is  quite  obvious  that  brass  is 
limited  in  its  use  at  higher  levels  of  charge  transfer)9 

Cathode:  The  cathodes  for  the  remaining  materials 
are  shown  in  Fig.  6.  Considerable  erosion  has  taksn 
place,  especially  on  the  graphite  materials,  and  the 
stainless  steel  and  copper-tungsten  cathodes  show 
evidence  of  sevare  melting.  All  the  cathodes  showed  a 
distinct  tendency  to  form  a  large  scale  crater  whose 
diameter  increases  with  increasing  gap  spacing  and 
current.  The  idea  of  using  a  cathode  cup  in  spark 
gaps  is  not  new,  but  it  is  interesting  that  the  elec¬ 
trode  erosion  results  In  this  shape. 

Anode:  The  anodes  corresponding  to  the  cathodes 


shown  in  Fig.  6  are  shown  in  Fig.  7.  The  graphite  and 
copper-graphite  anode  erosion  occurs  primarily  in  a 
band  .8  cm  wide  located  .3  cm  from  the  center  of  the 
electrode.  This  pattern  is  consistent  with  the  results 
of  Johnson  and  Pfender  which  showed  that  an  annular¬ 
shaped  attachment  region  of  high  current  density  can 
exist  at  the  anode. **  The  copper-tungsten  and  stain¬ 
less  steel  anodes  indicate  that  melting  and  vaporization 
has  taken  place  over  the  entire  surface.  Like  the 
cathode,  the  diameter  of  the  anode  erosion  region 
Increases  with  Increasing  current. 


a)  Anode 

Fig.  5.  Surface  of  brass  electrodes  after  50,000  shots. 


b)  Cathode 


a)  Copper-graphite 


b)  Graphite 


c)  Copper- tungsten  d)  Stainless  steel 

Fig.  6.  Surface  of  cathodes  after  50,000  shots. 


a)  Copper-graphite 


b)  Gra.hite 
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Insulator:  The  insulator  surfaces  are  covered  by 
a  coating  of  recondensed  electrode  material.  The  one 
noteable  exception  was  for  graphite  electrodes  in  air 
in  which  no  coating  was  found  on  the  insulator  surface. 
A  dramatic  difference  is  seen  in  Fig.  8  for  the  case  of 
graphite  run  in  nitrogen.  The  entire  surface  of  the 
Insulator  is  covered  with  a  thick  coating  of  fluffy 
black  material  which  is  thought  to  consist  of  mono- 
atomi  layers  of  amorphous  carbon. 23 


Fig.  8  Lucite  insulators  Inserts  for  graphite 
electrodes  in  air  and  nitrogen. 

All  the  insulators  were  covered  with  solid  parti¬ 
cles  10-100  ym  in  size  scattered  within  a  5  cm  band 
centered  on  a  plane  passing  through  the  center  of  the 
gap  and  parallel  to  the  electrode  surfaces.  This 
indicates  that  a  considerable  portion  of  the  solid  or 
molten  material  is  ejecced  parallel  to  the  electrode 
surfaces.  Although  the  mechanism  for  this  ejection  is 
noc  fully  undersood,  similar  results  have  been  reported 
in  vacuum  arcs . 24  a  typical  particle  which  was  found 
on  the  insulator  surface  is  shown  in  Fig.  9. 


Fig.  9  A  stainless  steel  particle  5<^m  in  diameter 

on  the  surface  of  the  lucite  insulator  Insert. 

Self-breakdown  Voltage  Distribution 

The  self-breakdown  voltage  of  the  spark  gap  was 
recorded  continuously  for  the  first  2000  shots  and 
thereafter  was  sampled  at  intervals  of  10,000  shots. 

A  sample  of  approximately  400  shots  was  taken  and  used 
to  calculate  the  mean  (V)  and  the  standard  deviation 
(Oy)  of  the  self-breakdown  voltage. 

Material:  The  standard  deviations  for  different 
electrode  materials  are  shown  in  Fig.  10  and  11.  In 
an  air  atmosphere  the  graphite  electrodes  have  the 
smallest  cy,  and  therefore,  the  most  narrow  distri¬ 
bution  of  breakdown  voltages.  This  combination  is 
followed  by  copper-graphite,  stainless  steel,  and 
copper-tungsten,  respectively.  Examination  of  the 
electrode  surfaces  with  SOI  indicated  a  direct  rela¬ 
tionship  between  the  width  of  the  distribution  and  the 
field  enhancement  due  to  the  different  microscopic 
surface  conditions  for  each  material. 

Shot  Nuber:  In  both  air  ind  nitrogen  the  mean 
decreases  5-201  during  the  first  15,000  shots  and  then 


increases  at  different  rates^  depending  on  the  electrode 
material.  This  increase  in  V  is  a  result  of  the  elec¬ 
trode  erosion  producing  an  Increase  in  the  gap  length. 
Also,  in  Fig.  10,  it  is  seen  that  except  for  the  case 
of  stainless  steel  remains  fairly  constant  after 
20,000  shots.  This  suggests  a  conditioning  process 
during  the  first  10-20,000  shots  where  the  tip  of  the 
electrode  is  worn  away  and  the  electrode  surface  con¬ 
ditions  required  to  Initiate  a  discharge  become  more 
uniform.  It  is  thought  that  the  conditioning  process 
for  stainless  steel  occurs  on  a  larger  time  scale,  and 
thus,  was  not  fully  completed  after  50,000  shots. 


Fig.  10  The  standard  deviation  of  the  self-breakdown 

voltage  vs.  shot  number  for  different  electrode 
materials  in  air. 


Fig.  11  The  standard  deviation  of  the  self-breakdown 

voltage  vs.  shot  number  for  different  electrode 
materials  in  nitrogen. 


Gas:  Data  from  che  same  experiments  in  a  nitrogen 
atmosphere,  shovn  in  Fig.  11,  indicate  that  the  best 
electrode  materials  for  a  narrow  distribution  are  the 
graphite  composites.  The  large  changes  In  av  for  both 
graphite  and  copper-graphite  are  due  to  low  voltage 
dropouts  where  the  breakdown  was  often  as  low  as  502 
of  the  mean.  These  dropouts  occur  primarily  in  nitro¬ 
gen  with  increasing  frequency  after  20-30,000  shots. 

The  graphite  electrodes  were  examined  after  the  experi¬ 
ment  and  a  macroscopic  growth  was  found  on  the  anode 
which  may  have  caused  the  dropouts.  These  results,  as 
well  as  those  obtained  by  Affinito  et.al.  Indicate 
chat  the  combination  of  graphite  and  nitrogen  should 

be  avoided. ^ 5 

Conclusion 

The  erosion  rates  and  self-breakdown  voltage 
distributions  were  determined  for  several  materials 
utilized  in  high  energy  spark  gaps.  The  results  from 
chese  preliminary  studies  have  led  to  the  following 
conclusions: 

1)  The  electrode  erosion  races  and  mechanisms 
are  highly  polarity  dependent,  and  thus, 
results  for  oscillatory  and  unipolar  dis¬ 
charges  can  be  considerably  different. 

2)  A  large  amount  of  the  erosion  occurs  in  Che 
form  of  solid  and  molten  material  which  Is 
removed  parallel  to  the  electrode  surface. 

3)  Cathode  erosion  rates  are  proportional  to 
the  total  amount  of  charge  transferred. 

4)  Stainless  steel  may  be  an  economical  replace¬ 
ment  for  copper-tungsten  composites  as  a 
cathode  material. 

5}  Graphite  composites  can  give  narrow  self¬ 
breakdown  voltage  distributions  but  have 
very  high  cathode  erosion  races. 

6)  The  stability  of  the  self-breakdown  voltage 
is  dependent  upon  electrode  micro-surface 
structure  which  is  a  distinct  property  of 
the  electrode  material. 

7)  Certain  electrode-gas  combinations  lead  to 
"dropouts"  or  voltage  breakdown  as  low  as 
502  of  the  mean.  One  of  the  worst  of  chese 
combinations  was  graphite  and  pure  nltroren. 
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spark  erosion  characteristics  of  graphite  AND  CO  GAS 


K.  J  Bickford,  K.  W.  Hanks,  and  U.  L.  Willis 
University  oi  California,  Los  Alamos  National  Laboratory 
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Summary 

The  spark  erosion  characteristic  ot  high-purity 
graphite  and  CO  for  I-kHz  gas  blown  rail-gap  applica¬ 
tions  has  been  experimentally  evaluated.  The  test  con¬ 
figuration  simulates  a  single  channel,  1650-A  arc  dis¬ 
charge  per  linear  inch  of  electrode  length,  with  a 
44-kV  self-breakdown  voltage  and  a  transverse  gas  flow 
of  48  m/s.  The  dielectric  gas  was  seeded  with  a  small 
quantity  of  azuiene  vapor  and  a  downstream  uv  preion¬ 
ization  spark  was  used  to  assist  the  self-breakdown  of 
the  test  electrodes.  The  erosion  characteristics  of 
other,  more  conventional  electrode  materials  and  di¬ 
electric  gases  were  also  examined  and  the  results  are 
presented  graphically.  Commerically  pure  tungsten  in 
air  was  determined  to  exhibit  the  least  erosion  rate 
(2.1  *  10-6  cc/C)  for  this  duty,  as  compared  to  graph¬ 
ite  and  CO  (75  x  10'6  cc/C). 

Introduction 

Gas  blown  rail-type  spark  gaps  are  reasonable  can¬ 
didates  for  solution  of  the  fast,  high  power  switching 
problems  inherent  in  pulsed  gas-discharge  lasers.  The 
low  inductance  geometry  and  the  reduced,  distributed 
electrode  erosion  of  multichannel  operation  are  key 
factors  in  meeting  high  di/dt  switching  requirements 
and  solving  electrode  wear  limitations  at  repetition 
rates  approaching  1  kHz.  The  erosion  wear  character¬ 
istic  of  an  electrode  material  is  obviously  a  result  of 
many  complicated  and  undefined  interactions  between  the 
electrode  material,  the  dielectric  gas  and  flow  param¬ 
eters,  peak  current,  voltage,  coulomb  transfer  and  rep¬ 
etition  rate.  An  optimum  material  or  class  of  mate¬ 
rials  needs  to  be  identified  for  use  in  gas  blown,  high 
repetition  rate  rail-gap  applications.  The  most  prac¬ 
tical  approach  to  this  purpose  is  empirical  experimen¬ 
tation  with  candidate  electrode  materials  and  conven¬ 
tional  dielectric  gases  operating  at  appropriate  stress 
levels. 

Experimental  Hardware  and  Operating  Parameters 
General 

An  electrode  holder/gas-flow  configuration  was 
fabricated  as  shown  schematically  in  Fig.  1.  The  elec¬ 
trode  spacing  (0.635  cm),  the  active  electrode  length 
(2.54  cm),  the  gas  flow  velocity  (98  m/s),  and  the  rep- 
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etition  rate  (1  kHz)  were  held  constant.  A  12-Q  cable 
PFN  was  resonantly  charged  (Fig.  2)  and  discharged 
through  the  test  electrodes  electrodes  into  a  low- 
inductance  12-0  ohmic  load.  Self-breakdown  was  as¬ 
sisted  by  a  low  intensity  uv  preionization  spark  loca¬ 
ted  4.4  cm  downstream.  Gas  input  temperature  of  the 
closed-cycle  system  was  held  near  room  temperature 
(70-79°F)  by  a  water-cooled  beat  exchanger.  Gas  outlet 
temperature  was  monitored  at  the  downstream  throat  of 
the  electrodes  by  a  thermometer;  heat  generation  due  to 
the  uv  preionization  spark  was  negligible.  Electrode 
weight  was  measured  with  a  5 -decimal  gram  balance  at 
various  operating  intervals  and  the  electrode  volume 
lost  was  calculated  from  these  weight  measurements. 
Azuiene  vapor  was  injected  into  the  dielectric  gas  from 
a  heated  (160°F)  flow-cell.  The  azuiene  partial  pres- 
su re  was  small  and  appeared  to  have  no  affect  on  the 
erosion  performance  of  the  electrode  materials. 

Operating  parameters  of  the  electrical  driver  cir¬ 
cuit  and  flow  system  are  listed  in  Table  I. 

Graphite  and  CO/ Azuiene 

A  high  purity  graphite  material  was  machined  into 
two  identical  electrodes,  each  with  a  0.635-cm  radius 
along  the  length,  and  an  overall  length  of  3.8  cm.  The 
ends  were  machined  to  a  radius  of  0.635  cm;  the  active 
length  of  the  electrode  was  2.54  cm.  Full  power  opera¬ 
tion  of  the  test  circuit  generated  a  linear  current 
density  along  the  electrode  length  of  650  A/cm,  with  a 
peak  single-channel  current  of  1650  A  and  44  kV  self¬ 
breakdown.  The  PFN  voltage  risetime  was  adequately 
slow  (550  ns)  that  multichanneling  of  the  arc  discharge 
did  not  occur,  so  the  erosion  rates  of  the  electrodes 
can  be  scaled  to  full-size  rails  operating  in  multi¬ 
channel  mode  with  one  discharge  per  inch  of  rail 
length.  Azuiene  vapor  was  injected  into  the  CO  dielec¬ 
tric  gas  and  the  system  was  operated  for  5.46  million 
shots  (1310  Coulombs).  Current  and  voltage  waveforms 
are  shown  in  Fig.  3.  Results  of  the  erosion  wear  are 
plotted  in  Fig.  4. 

The  seeded  szulene  vapor  creates  single-photon 
electron  ionization  from  the  uv  preionization  spark, 
reducing  temporal  jitter  in  the  self-breakdown  of  the 
main  electrodes  by  eliminating  the  statistical  electron 
formation  time  (1,2,3).  In  addition,  because  a  copious 
amount  of  azuiene  vapor  actually  reduces  the  self¬ 
breakdown  potential,  the  excess  electron  density  effec¬ 
tively  increases  the  E/P  ratio  in  the  dielectric  gas  by 
increasing  E,  similar  to  inserting  a  small  conducting 
body  between  the  electrodes  or  reducing  the  electrode 
spacing.  With  CO  gat  and  experimental  configuration 
used,  only  a  very  saull  effect  of  the  azuiene  seed  in 
the  CO  gas  could  be  detected.  A  more  energetic  uv  pre¬ 
ionization  source  might  produce  better  jitter  reduction 
and  enhanced  control  over  the  self-breakdown  voltage; 
closer  spacing  between  the  uv  spark  and  the  main  elec¬ 
trodes  may  also  be  appropriate.  The  main  electrode 
self-breakdown  tiaw  preferred  to  lock  onto  the  initial¬ 
ization  of  the  uv  spark,  not  onto  the  peak  uv  fluence. 
The  ohmic  transition  phase  of  the  uv  spark  occurs  dur¬ 
ing  Initialization  and  maximum  energy  is  dissipated  in 
tha  spark  during  this  interval,  producing  more  ener¬ 
getic  radiation.  This  nay  enhance  the  pbotoionization 
processes  or  create  secondaries  emitted  from  the  elec¬ 
trode  surfaces.  The  asulens  vapor  appeared  to  "burn 
out"  of  the  CO  gas  faster  than  it  could  be  replaced  by 
tha  hot  flow  call.  Tha  uv  preionisatioa  spark  lost 
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ELECTROOE  VOLUME  LOST  (xKT’cm 


FIGURE  2.  1  kHz,  3.3  kW  HIGH  VOLTAGE  PULSE-CHARGE  ORIVER  FOR 
PRIMARY  DISCHARGE. 
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Figure  3.  CATMOOC  (PFN)  VOLTAGE  ANO 
MAIN  DISCHARGE  CURRENT  WAVEFORMS. 
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FIGURE  4.  I  Ms  ELECTROOE  EROSION  OF  HIGH  PURITY  GRAPHITE 
IN  CO.  ELECTROOE  RAOIUS/SPACINO  RATIO  •  1.0. 


effectiveness  after  several  siinutes  of  operation  at 
1  kHz.  Probable  cause  of  seed  (as  burn-out  is  tbe 
large  amount  of  uv  radiation  from  the  isain  discharge. 

Exaaination  of  the  eroded  surfaces  of  the  graphite 
showed  evidence  of  microscopic  pitting  probably  caused 
by  sublimation  or  burning.  The  erosion  was  probably 
not  caused  by  localized  chipping  from  mechanical  or 
thermal  shock;  no  evidence  of  graphite  particulate  con¬ 
tamination  of  the  gas  flow  system  was  observed.  The 
anode  evidenced  20-301  more  erosion  than  the  cathode, 
indicating  that  electron  bombardment  accounts  for  sig¬ 
nificantly  more  energy  deposition  than  does  the 
cathode-fall  effect  (4).  This  was  a  universal  obser¬ 
vation  for  all  electrode  materials  tested,  not  just  for 
graphite.  Because  of  the  extreme  erosion  rate  of 
graphite  at  this  particular  duty,  no  experimentation 
with  the  anisotropic  properties  of  graphite  were  per¬ 
formed,  nor  were  any  attempts  made  to  reduce  oxidation 
erotion  by  spiking  the  CO  with  COz-  la  addition,  self¬ 
preionization  effects  due  to  corona  were  observed 
during  single-shot  trials,  which  caused  prefires  at  all 
repetition  rates  up  to  1  kHz.  The  corona  pnebomanoo 
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FIGURE  9.  I  k Ht  ELECTRODE  EROSION  CHARACTERISTICS  OF 
COMMERCIALLY  FURS  TUNGSTEN,  KSS  COMPOSITE, 
ANO  A  90%  TUNGSTEN  MATERIAL,  IR  COg. 
ELECTROOE  RAOIUS/SPACINO  RATIO  •  1.0  . 
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ratio  a  2.  Thia  had  no  effect  on  the  erosaon  rate. 
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FIGURE  6  1  kHz  EROSION  CHARACTERISTICS  OF  316  STAINLESS 
STEEL  IN  CO,.  FOR  TWO  DIFFERENT  ELECTROOE 
RADIUS/SPACING  RATIOS. 

was  nanifeat  aa  low  intenaity,  light  blue,  self- 
initiated  impulse  streamers  occurring  at  randoa  at  the 
enda  of  the  electrode  gap.  Increaaing  the  system  pres- 
aure  waa  ineffective  in  preventing  their  inception  ex¬ 
cept  at  extreae  pressures  where  the  gap  would  not  break 
at  all. 

Other  Electrode  Materials  and  Gases 

C02  and  dry  air  were  used  aa  dielectric  gases  with 
-oaaiercially  pure  tungsten  (cpU),  90V  6Ni  7Cu,  K25  com¬ 
posite  (73V  2SCu  by  Planaee) ,  70/30  braas,  and  316 
stainless  steel.  The  results  of  these  tests  are  shown 
in  Figs.  5-8.  Operating  parameters  were  aaintained  as 
in  the  previous  experiment.  Electrode  shapes  and  di¬ 
mensions  were  identical  to  those  used  in  the  graphite/ 
CO  test,  except  for  a  single  SS  316  run  where  the  elec¬ 
trode  radius  was  doubled,  creating  a  radiua/spacing 
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FIGURE  T.  1  hMt  ELECTROOE  EROSION  OF  IRAgg  170/30)  IN  CO,. 
ELECTROOE  RA0IU6/tRaCIN0  RATIO  •  1.0 


The  essential  aetsllurgical  property  affecting 
erosion  at  this  duty  appears  to  be  high  temperature 
strength,  hence  the  best  performance  by  refractories. 
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FIGURE  a  I  >Ht  ELECTROOE  EROSION  OF  COMMESCIALLT  RUNE  TUNGSTEN  SI 
AM  FOR  DIFFERENT  l„.  V„.  ANO  COULONS  TRANSFER  REX  SNOT 
ELECTROOE  RAOIUS/SFRCING  RATIO  •  1.0 


TABLE  I 


Full  power  operating  parameters  at  1  kHz. 


V.  =  44  kV 
br 

V  1  1650 

A  C/shot 

=  0.24  mC 

CO 

C02 

Air 

Gas  Pressure 

12.4  PSIG 

18  PSIG 

18  PSIG 

SCF71  Flow 

63 

127 

131 

AT  rise 

25°F 

15°F 

13°F 

Efficiency 

78% 

67% 

77% 

Efficiency  was  determined  by  AT  rise  of  the 
gas  flowing  through  the  electrode  gap,  using 
eff.  =  (1  -  energy  diss. /energy  switched) 
x  1001.  Energy  dissipated  was  calculated 
from  the  relation, 

ED  -  K  (SCFH)(A°F) 

pps  ’ 

where, 

K(air  and  CO)  =  0.34,  and  KfCOj)  *  0.43. 


Oxygen  in  the  presence  of  tungsten  appears  to  re¬ 
tard  the  erosion  process,  perhaps  by  the  formation  of 
protective  oxides  (5).  The  901V  material  in  CO,  was 
subjectively  judged  to  be  the  best  combination  of  those 
tested:  erosion  rates  of  the  cathode  and  anode  were 
nearly  equal  and  only  slightly  higher  than  cpV/air. 
The  machinability  of  the  90V  6Hi  4Cu  material  is  sub¬ 
stantially  better  than  cpU.  Air  with  90%V  needs  to  be 
tested. 

CO,  gas  did  not  exhibit  as  good  a  self-breakdown 
characteristic  as  air;  the  extreme  temporal  jitter  with 
CO,  and  550-ns  charge  time  was  virtually  eliminated  by 
adjusting  the  uv  preionization  spark  initiation  to  the 
peak  of  the  PFN  charge  voltage.  This  wes  accomplished 
both  with  and  without  azulene. 

Azulene  vapor  teed  in  CO,  produced  reasonable  re¬ 
sults  in  that  the  self-break  voltage  could  be  shifted 
about  the  peak  of  the  FFM  voltage  approximately  6  101 
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i 

by  adjusting  the  tiaing  of  the  uv  spark.  The  aagnitude 
of  this  effect  is  very  dependent  on  the  partial  pres¬ 
sure  of  asulene  vapor,  and  as  with  CO/axulene,  the  ef- 
|  fectiveneaa  was  eliainated  by  burn-out  after  several 

I  ainutes  of  full  power  operation  at  1  kHx. 
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Summary 


Table  1.  Spark  Gap  Electrical  Requirements 


Long-life,  compact  power  conditioners  are 
currently  being  developed  for  pulsed  CO.  laser 
applications.  Prior  experience  had  indicated  that  the 
weakest  link  in  the  power  conditioner  lifetime  was 
frequently  che  spark  gap  switch  which  typically  failed 
after  much  less  than  1  million  shots.  In  this  work  the 
lifetime  issue  has  been  addressed  in  an  experimental 
program  which  defined  the  switch  performance  require¬ 
ments  and  then  investigated  the  effect  on  life  of  the 
electrode  material,  gas-fill  composition,  pressure,  and 
electroda  geometry.  The  performance  goal  was  10 
million  shots. 


Load 

CO,  Lasei 

Nominal  Load  Discharge  Voltage 

25  kV 

Energy  to  Discharge 

3  Joules 

Normal  Discharge  Current-Peak 

1  kA 

Fault  Discharge  Currenc-Peak 

2  kA 

Pulse  Width  (50Z) 

200  nsec 

Pulse  Risetime  (.10Z  to  90Z) 

100  nsec 

Pulse  Falltime  (90Z  to  10Z) 

100  nsec 

Pulse  Rate 

1  Hz 

Misfire  Rate 

<1Z 

(Simulated) 


Sixteen  spark  gaps,  having  various  combinations  of 
these  parameters  to  be  optimized,  were  operated  at  an 
accelerated  rate  on  a  simulated  laser  load  to  end  of 
life.  The  parameters  which  consistently  resulted  in  a 
life  of  greater  than  10  million  shots  Include:  an  N. 

0,  Xe  gas  mixture  at  high  pressure,  a  recessed  trigger 
suppporc,  and  a  long  elect rode- to-elect rode  insulator 
wall.  The  walls  are  ceramic,  the  outside  diameter  is 
1.0  inch,  end  the  length  is  1.5  inch. 

A  total  of  six  triggered  spark  gape  having  these 
parameters  ware  tested,  gas  fill  analyzed,  and 
autopaled.  Five  of  the  six  exceeded  the  lifetime  goei 
of  10  million  pulses  and  one  lasted  19  million.  The 
gape  were  tested  in  a  Marx  circuit  switching  1  kA. 

Load  current  was  periodically  changed  to  a  2  kA  damped 
ringing  pulse  to  simulate  laser  faults.  Static  teats, 
conducted  every  one-million  pulses,  Included  measure¬ 
ment  of  static  breakdown  voltage  and  the  minimum 
trigger  voltage.  The  occurrence  of  pre-fires  and 
no-fires  was  monitored  continuously  by  diagnostic 
circuitry  and  recorded. 

Introduction 

A  long-life  triggered  spark  gap  for  use  as  the 
switching  element  in  compact  power  conditioners  for 
pulsed  CO,  laser  applications  has  bean  developed.  This 
spark  gap  has  a  demonstrated  operating  life  of  over  10 
million  pulses  and  meets  all  tha  electrical, 
geometrical ,  and  environmental  (MIL-STD-81CC)  require¬ 
ments  for  uae  in  a  pulsed  CO,  laser  power  conditioner 
having  the  electrical  specifications  listed  in  Table  1. 


Sixteen  gaps  were  tested,  with  two  different 
electrode  materials  (Elkonlte*  and  molybdenum) 
and  three  different  gas  mixtures  ( N,+0,+Xe ,  Xe  +0_ ,  and 
pure  Xe).  The  combination  of  electrode  materials  and 
gas  mixture  found  to  give  the  required  10  million  pulse 
life  was  Elkonite/N2  (69Z)+02  (lZ)+Xe(30Z) . 

Test  Clrculcry 

A  schematic  of  tha  spark  gap  test  circuit  is  shown 
in  Fig.  1.  The  0.017  uF  energy  storage  capacitors  were 
charged  In  parallel  through  the  56  kllohm  resistors, 
and  discharged  in  series  through  the  spark  gap  under 
test  and  e  simulated  CO  laser  load  consisting  of  a 
triggered  spark  gap  in  series  with  a  resistor  whose 
vali e  which  approximates  the  laser  dynamic  impedance  ac 
peak  current.  The  triggered  load  gap  was  either  an 
EG&G  GP-itO  or  GF-46B  gap,  triggered  by  capacitive 
coupling  between  the  trigger  electrode  and  the  high- 
voltage  side  of  the  spark  gaps.  This  load  scheme  was 
found  to  be  more  stable  than  over-voltage  spark  gaps. 

A  typical  current  waveform  is  shown  in  Fig.  2a. 

To  simulate  a  1Z  laser  fault  rate,  tha  16.5  ohm 
resistor  (Fig.  1)  was  replaced  by  8  ohms  for  5000 
shots  at  the  end  of  each  0.5  million  life  test  cycle. 
This  produced  the  current  pulse  shown  in  Fig.  2b. 
Currents  were  measured  using  a  current  transformer. 

To  accelerate  testing,  three  identical  circuits 
were  operated  simultaneously,  as  shown  in  Fig.  3,  each 
at  a  5  Hz  pulse  rate.  The  energy  storage  capacitors 
were  charged  from  a  command  charge  power  supply,  with 
tha  charging  and  trigger  signals  provided  by  a  custom 
designed  control  circuit.  Each  spark  gap  was  triggered 
using  a  standard  EG&G  TM-11A  trigger  module. 


•This  work  was  supported  by  Contract  DAAK20-80-C-0290 
monitored  by  tha  Electronics  Technology  &  Devices 
Laboratory,  0E  Army  Electronics  Research  and 
Development  Command  (BRADC0H),  Fort  Monmouth, 

Maw  Jersey. 
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CURRENT  <KA) 


Figure  l.  Spark  Gap  Teet  Circuit 


Figure  2.  Spark  Cap  Currant  Wave fore 


The  time  sequence  of  circuit  events  la  as  follows: 


Time  (msec) 

0 

0-120 

120-175 

175 

180 

180.1 

180.2 

200 


Trigger  main  power  supply 
Voltage  on  test  gaps  rises  to  12.5  kV 
Voltage  on  test  gaps  swells  at  12.5  kV 
Signal  to  main  power  supply  stops 
Test  gap  #1  triggered 
Test  gap  #2  triggered 
Test  gap  #3  triggered 
Trigger  main  power  supply,  beginning 
cycle  again 


By  triggering  the  three  gaps  100  us  apart.  Instead 
of  simultaneously,  any  pre-flree  caused  by  crosstalk 
could  be  readily  distinguished  from  normal  firing. 
Typical  spark  gap  voltage  waveforms  are  shown  In  Fig. 

4. 

Diagnostics 


The  diagnostic  circuitry  monitored  the  current 
through  each  of  the  gaps  under  test  and  detected  when  a 
gap  fired  without  telng  triggered  (pre-fire)  or  did  not 
fire  when  triggered  (no-flre).  A  block  diagram  of  "he 
diagnostic  circuitry  Is  shown  In  Fig.  5,  Whan  Che 
trigger  signal  from  the  control  electronics  was  applied 
to  the  gap  under  test,  a  one-shot  was  triggered 
simultaneously,  closing  Gate  A  for  20  us.  When  the 
spark  gap  subsequently  fired,  a  10  us  one-shot  was 
triggered,  and  the  differentiated  pulse  seat  to  Gate  A. 
If  the  positive  spike  (corresponding  to  the  differen¬ 
tiated  trailing  edge  of  the  10  us  pulse)  reached  Cate  A 
within  20  us  after  the  gap  was  triggered,  Cate  A  was 
still  closed;  therefore,  no  signal  was  sant  to  the 
strip-chart  recorder.  Thus,  If  the  gap  fires  within 
10  us  of  bains  trlggsred,  no  pr^flre  signal  was 
ganarated.  If  the  gap  fired  at  any  other  time,  then 
Cate  A  was  open,  and  the  differentiated  trailing  edge 
of  the  10  us  pulse  trlggsred  the  100  ms  one-shot, 
sending  a  pre-fire  signal  to  the  strip-chart  recorder. 

A  prefire  signal  could  also  be  generated  if  the  gap 
had  a  delay  time  greaear  than  10  tm,  but  no  eeeh  cases 
wars  observed. 
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Figure  3.  Spark  Gap  Test  Stand 


If  che  no-flre  detector,  the  roles  of  che  20  us 
and  10  us  one-shots  were  reversed.  The  10  js  pulse  was 
synchronized  with  che  gap  trigger,  while  the  20  as 
one-shot  only  fired,  thereby  closing  Gate  B,  when  the 
gap  fired.  Thus,  If  the  gap  failed  to  fire  within 
.0  a  of  being  triggered,  then  Gate  B  was  open  when  the 
differentiated  trailing  edge  of  the  10  us  pulse 
arrived,  and  a  no-flre  signal  was  sent  to  the  strip- 
chart  recorder.  The  circuit  was  configured  so  that  a 
no-flre  signal  sent  to  the  jtrip-chart  recorder  had 
approximately  twice  the  amplitude  of  a  pre-fire  signal. 
The  chart,  therefore.  Indicated  both  the  number  and 
nature  of  any  misfires  chat  had  occurred. 


TIME 


Figure  4.  Spark  Gap  Charglr.g  Voltage 


Testing  Procedure 

The  spark  gaps  were  life  tested  at  a  5  Hz  pulse 
rate.  Numerous  static  tests  were  performed  and  the 
gaps  were  operated  for  a  period  at  Che  specified  1  Hr 
rate  every  one-mllilon  pulses.  In  addition,  testing 
under  simulated  laser  fault  conditions  (Fig.  2b)  was 
conducted  every  half-million  shots  In  order  to 
distribute  any  fault  effects  nore  realistically. 

Fault,  scatlc,  and  1  Hz  teats  were  performed  as 
follows: 

1 .  Normal  testing  was  stopped  and  the  gap 
operated  at  5  Hz  under  fault  conditions  for 
approximately  5000  pulses; 

2.  The  specified  holdoff  voltage  of  15  kV  dc  was 
Imposed  across  the  gap  for  one  minute.  If  no 
breakdowns  occurred,  the  gap  was  deemed  highly  reliable 
for  the  much  shorter  holdoff  das  required  in  actual 
operation.  A  resistor  was  used  to  limit  the  gap 
current  In  case  of  breakdown; 

3.  Self-breakdown  voltage  was  measured,  using  the 
same  setup; 

4.  The  gap  was  put  back  In  the  life-cast  setup, 
and  minimum  trigger  voltage  measured  under  actual 
operating  conditions  by  gradually  reducing  the  TH-llA 
output  until  crtggerlng  became  erratic. 

5.  The  gap  was  operated  at  1  Hs  for  5  minutes 
(300  pulses)  while  monitoring  the  charging  voltage 
waveform  with  an  oscilloscope. 

Ac  the  completion  of  the  life  testing,  the  gas 
constituents  of  each  gap  was  analysed  and  then  the  gap 
was  subsequently  autopsled. 
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PREFIRE  DETECTION 


Figure  S.  Diagnose  lea 


Spark  Gap  Dealgn 

The  long-life  gap,  designated  CP-4610  1*  shown  in 
Fig.  6.  The  cross  section  of  a  standard  GP-46B  spark 
gap  la  shown  In  Fig.  7a.  The  cross  section  of  Che 
long-life  gap  Is  shown  In  Fig.  7b. 

Two  aspects  of  the  design  were  specifically 
changed  Co  proaoce  long  life.  First,  Che  lncer- 
electrode  spacing  was  aade  relatively  small.  Second, 
the  ceraalc  spacer  between  the  trigger  probe  tip  and 
adjacent  electrode  was  recessed.  The  changes  are 
readily  apparent  by  cowparing  Fig.  7a  and  Tig.  7b. 

The  saall  Inter-electrode  spacing  helps  Increase 
life  by  decreasing  the  rate  at  which  SBV  declines  with 
gas  cleanup.  Fro*  Paschen'c  law  SBV  %  constant  x  pd. 
Where  p  is  the  pressure  and  d  the  Inter-electrode 
spacing.  Thus,  the  rate  of  change  of  SBV  with  p  Is 
lower  for  saaller  d.  Swell  Inter-electrode  spacing 
also  Increases  Che  gap  electric  field,  which  theore¬ 
tically  decreases  the  resistive  phase  ties  constant, 
thereby  reducing  dissipation.  According  to  a 
senl-enplrlcal  formula  developed  by  Martin  ,  the 
resistive  phase  tlae  constant  T  Is  proportional  to 

,  where  E  Is  the  gap  electric  field.  If  we  taka 
E  co  be  inversely  proportional  to  d,  and  pd  to  be  a 
constant  fifed  by  the  desired  gap  voltage,  then  T 
varies  ae  A3'  .  The  extender  (Fig.  7b)  reduced  d  by  a 
factor  of  about  4,  thus  theoretically  reducing  T  by  a 
factor  of  }.  The  reason  for  using  an  extender  (Fit- 
7b),  to  decrease  d.  Instead  of  slaply  shortening  the 
entire  gap,  was  to  avoid  increasing  the  chance  of  gap 
failure  via  external  flashover  or  Internal  breakdown 
along  the  insulator. 


Figure  6.  EC4C  GF4610  Triggered  Spark  Cap 


Recessing  the  ceraalc  spacer  between  the  trigger 
probe  tip  and  the  adjacent  electrode  prevents  trigger 
shorting  caused  by  coating  of  this  ceraalc  spacer  with 
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b)  LONG-LIFE  GP-4610  SPARK  GAP 


Figure  7.  Spark  Gap  Deslgna 


aputcered  debris.  Normally,  Che  main  discharge  keeps 
chls  ceraaic  clean  but  experience  has  shown  chat  ac  Che 
relatlvaly  low  currenc  level  Involved  In  chls 
appllcaclon  che  discharge  would  noc  have  sufficient 
power  co  clean  effectively. 

All  che  gaps  CasCad  ware  of  Che  design  shown  In 
Fig.  7b.  Parcs  ware  carefully  selecced  co  maintain  a 
+0.005  Inch  colerance  on  che  lncer-eleccrode  spacing. 

Tesc  Results 

A  cocal  of  sixceen  GP-4610  gaps  were  conscrucced, 
uclllxlng  Elkonlte  (copper  Infllcraced  cungscen)  and 
molybdenum  eleccrode  tsacerlals  and  chree  Cypes  of  gas 
nlxcurea  (N  +0  +Xe,  Xe+0  ,  and  pure  Xe).  Table  2  lists 
Che  daca  for  all  che  gaps  In  order  of  decreasing  life. 
IC  can  be  seen  chac  che  comblnaclon  of  paraaecers 
giving  besc  life  was  Elkonlce  eleccrodas,  N-+0,+Xe  gas 
mlxcures  and  an  lnlclal  SBV  of  30  kV.  i  1 


The  dominant  failure  mechanism  was  abrupt  loss  of 
holdoff  due  to  Internal  breakdown  along  che  Insulating 
wall,  caused  by  deposition  of  spuctered  electrode 
material.  This  condition  was  evidenced  by  a  rapid 
Increase  In  the  pre-fire  rate,  and  in  some  cases,  onset 
of  continuous  conduction. 


Those  gaps  which  had  extremely  short  life  (<10 
pulses)  were  found  upon  autopsy  co  have  heavy  wall 
deposlcs,  along  which  substantial  cracking  had 
occurred.  The  cracking  always  amanaced  from  near  the 
base  of  one  of  che  electrodes,  suggesting  chat  braze 
material  was  Involved.  The  correlation  of  extremely 
short  life  with  pure  Xe  may,  therefore.  Indicate  some 
unfavorable  Interaction  with  the  braze  material.  It 
was  thought  that  adding  a  small  amount  of  0.  would 
oxidize  the  wall  deposits,  rendering  them  nonconduc- 
tlve.  However,  Xe+O  gaps  failed  to  fire  at  voltages 
much  below  SBV,  as  described  further  below. 


Table  2.  Ufa  Test  Results 


GAP# 

ELECTRODE 

MATERIAL 

GAS  FILL 

INITIAL 

SBV(KV) 

LIFE 

(SHOTS) 

AVG. 

PERCENT  MISFIRE 
PREFIRE  NO-FIRE 

FAILURE 

MODE 

1 

Elkonlte 

N2-K>2+Xe 

30 

19.2x10® 

<.001 

.05 

Loss  of  Holdoff 

2 

" 

15.8x10® 

<.01 

<.001 

II 

3 

•  • 

II 

>11.4x10® 

<.001 

II 

Still  operating 

when  test  ended 

4 

(1 

If 

II 

>11.4x10® 

•1 

II 

It 

5 

n 

II 

10 . 3x10® 

II 

II 

II 

6 

Holy 

II 

II 

9.5x10® 

.2 

.2 

Loss  of  Holdoff 

7 

Elkonlte 

II 

27 

7.4x10® 

.01 

<.001 

II 

8 

Holy 

II 

30 

1 . 1x10® 

II 

9 

If 

II 

25 

0 . 8x10® 

II 

10 

II 

M 

30 

0.5x10® 

II 

11 

Moly 

Xe 

25 

•vlO6 

II 

12 

Elkonlte 

II 

•  I 

•vlO4 

II 

13 

II 

II 

20 

T.104 

II 

14 

Moly 

M2+02+X* 

30 

Min.  operating 

voltage  too  high 

15 

Elkonlte 

Xa+0, 

— 

II 

16 

If 

•  1  * 

II 

— 

II 

visual  observations  of  the  ocher  long-lived  gaps 
during  operadon  revealed  a  gradual  build  up  of  wall 
deposits,  which  upon  autopsy,  were  found  to  be  fairly 
uniform,  indicating  chac  nothing  beyond  simple 
sputtering  of  electrode  material  had  taken  place. 

None  of  the  autopsies,  including  chose  of  Che 
shorc-lived  gaps,  revealed  significant  electrode  damage 
beyond  a  rounding  of  the  trigger  probe  tip  and  the 
inside  edge  of  the  adjacent  electrode.  This  caused  che 
minimum  crigger  voltages  to  rise  wich  life  as 
illustrated  in  Fig.  A. 


0  2  4  6  6  10  x  10® 


PULSES 

Figure  8.  Representative  Minimum  Trigger 
Voltage  «s  Life  Data 


Representative  curves  of  S8V  versus  life  are  shown 
in  Fig.  9.  The  sharp  initial  decline  in  SBV  seen  for 
gap  was  characteristic  of  gaps  tasted  early  in  the 
program  and  prompted  the  Increase  of  the  initial  SBV  of 
later  gaps  to  30  kV.  Aa  a  consequence,  these  gape  had 
frequent  no-fires  for  the  first  faw  hours  of  operation, 
but  subsequently  SBV  declined  until  the  end  of  life, 
which  was  always  relatively  abrupt.  The  transition  from 
normal  operation  to  total  failure  usually  occurred  over 
a  period  of  just  a  faw  hours. 


Three  of  the  gaps  tatted  failed  due  to  an  lncraaaa 
in  minimum  operating  voltages  with  Ufa.  These  gape 
ware  (lkonlta/Xe+0,  gaps,  and  a  molybdenum/N.+O ,+Xe 
gap.  Apparently  initial  conditioning  of  thezellctrodas 
during  pumping  and  filling  had  raised  the  minimum 
operating  voltage  too  far,  particularly  In  thn  caaa  of 
the  Xe-0  gaa  mixture.  Avoiding  the  Xe-0  gas  mix,  and 
•lightly2 reducing  tha  initial  S>V,  should  eliminate 
this  problem  In  tha  future. 


Figure  9.  Representative  SBV  vs  Life  Data 


tt  should  be  noted  chac  all  gaps  must  undergo  an 
Initial  conditioning  before  reaching  their  rated  SBV. 
This  conditioning  is  done  hy  firing  them  anywhere  from 
a  few  times  to  a  few  hundred  times  as  required. 

Conclusions 

Lifetime  in  excess  of  10^  pulses  have  been 
demonstrated  with  triggered  spark  gaps  having  Elkonlte 
electrodes,  N  +0  +Xe  gaa  fill,  30  kV  SBV,  small  inter- 
electrode  spacing,  and  a  receased  ceramic  Insulator 
between  the  trigger  electrode  tip  and  adjacent 
electrode.  Of  the  six  such  gaps  cested,  only  one 
lasted  less  than  10  pulses.  Misfire  rates  (pre-fires 
plus  no-fires)  were  1.0  percent  or  less  for  all  six 
gaps. 
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RECOVERY  OF  ELECTRIC  STRENGTH 
IN  PRESSURIZED  SPARK  GAPS 

S.  L.  Moran,  L.  F.  Rinehart,  and  R.  N.  DeWitt 

Naval  Surface  Weapons  Center 
Dahlgren,  Virginia  22448 


Surma  ry 

The  recovery  of  electric  strength  of  various 
gases  in  a  small  pressurized  spark  gap  is  measured 
using  a  two-pulse  method.  The  first  pulse  is  used  to 
overvolt  and  break  down  the  gap.  The  second  pulse  is 
used,  after  a  variable  time  delay,  to  determine  the 
electric  strength  of  the  ionized  gas.  Varying  the 
time  delay  to  the  second  pulse  provides  a  plot  of 
electric  strength  versus  time-af ter-breakdown . 

The  time  delay  between  the  first  and  second 
pulses  can  be  varied  from  less  than  100  ns  to  greater 
than  100  ms.  Breakdown  and  recovery  voltages  can  be 
measured  in  gases  at  pressures  from  atmospheric  up  to 
7  MPa  (1000  psig). 

The  spark  gap  used  in  these  experiments  is  an 
untrigqered  pressurized  gas  spark  gap  composed  of 
1.9-cm  diameter  flat  electrodes  with  rounded  edges. 

Gap  spacing  is  0.127  mm  (5  mils),  and  the  energy 
discharged  is  0.4  J  at  voltages  up  to  20  kV. 

Recovery  curves  at  various  pressures  have  been 
obtained  for  nitrogen,  hydrogen,  helium,  air,  oxygen 
and  argon  using  brass  electrodes  with  essentially  no 
gas  flow  during  the  recovery  period.  Statistical 
analysis  shows  a  Gaussian  distribution  of  the  data 
for  both  the  first-  and  second  "ulse  breakdowns. 

A  theoretical  explanation  of  the  data  is  being 
developed  which  explains  recovery  in  terms  of  the 
ratio  of  neutral  particles  to  charged  particles  in 
the  gap  volume.  A  time  dependent  recombination 
coefficient  is  used  to  obtain  this  ratio  as  a  function 
of  tiroe-af ter-breakdown. 

Introduction 

Many  applications  of  spark  gap  switches  require 
high  repetition  rates.  Since  repetition  rates  ..e 
often  limited  by  the  recovery  time  of  the  spark  gap, 
a  better  understanding  is  needed  of  the  dominant 
factors  involved  with  the  electric  recovery  of  the 
gas.  Investigations  are  being  made  to  determine  the 
electric  strength  (voltage  recovery)  of  the  gas  as  a 
function  of  time-after-breakdown  for  small  spark  gaps. 
Considerable  experimental  recovery  work  has  been 
performed  with  spark  gaps  operating  at  or  below 
atmospheric  pressure,  and  at  power  line  frequencies.1 
Our  efforts  are  directed  towards  high  pressure  spark 
gaps  which  are  highly  overvolted  by  impulses.  To 
obtain  this  information,  two  high  voltage  pulses, 
with  a  variable  time  delay  between  them,  are  applied 
to  the  gap.  The  first  pulse  is  used  to  overvolt  and 
break  down  the  gap,  while  the  second  pulse  is  intro¬ 
duced  during  the  recovery  period  following  the  initial 
breakdown.  The  voltage  rise  of  the  second  pulse  is 
limited  by  the  electric  strength  recovery  that  has 
occurred  since  the  first  pulse  breakdown.  By  vary¬ 
ing  the  time  delay  between  the  first  and  second 
pulses,  a  plot  of  voltage  holdoff  versus  time  is 
obtained . 


This  paper  describes  an  experimental  apparatus 
which  is  superior  to  one  previously  constructed  and 
described  in  reference  2.  A  description  of  the  setup 
and  procedure  is  given  along  with  electric  strength 
recovery  data  at  various  pressures  for  six  gases ; 
nitrogen,  hydrogen,  helium,  air,  oxygen  and  argon. 

A  brief  description  is  given  of  the  theoretical 
approach  used  to  explain  the  data  in  terms  of  the 
ratio  of  neutral  to  charged  particles  in  the  gap. 


I  /  mm  «VIU«  lUSINt, 

Figure  1.  Spark  gap 


Description  of  Experiment 
Spark  Gap  and  Gas  System 

The  spark  gap  and  housing  are  shown  in  Figure  1. 
The  spark  gap  area  is  between  the  ends  of  two  remova¬ 
ble  solid  cylindrical  electrodes  which  are  1.9  cm  in 
diameter.  The  outer  one-third  of  the  diameter  is 
rounded  to  reduce  field  enhancement.  The  flat  surface 
of  the  spark  gap  is  0.635  cm  in  diameter.  The  gap  is 
surrounded  by  a  Plexiglas  housing  which  contains  three 
inlet  and  three  outlet  holes  2  mm  in  diameter  which 
direct  the  gas  flow  more  evenly  across  the  electrode 
surfaces.  Total  gas  volume  inside  the  gap  is  approxi¬ 
mately  1  cm’ .  The  gap  is  sealed  with  o-rings  and  can 
withstand  pressures  up  to  7  MPa  (1000  psig) .  The  gap 
spacing  is  adjusted  by  a  micrometer  attached  to  one 
electrode  and  can  be  adjusted  under  pressure  to 
0.01-mra  (0.5-mil)  accuracy. 

The  gas  flow  system  is  shown  in  Figure  2. 

Pressure  is  regulated  from  the  gas  bottle  and 
it  measured  by  a  single  gauge  accurate  to  7  kPa 
(1  psi)  over  the  range  from  atmospheric  to  7  MPa. 

The  gas  tubing  is  split  three  ways  at  the  spark 
gap  and  is  recombined  before  connecting  to  a 
set  of  metering  valves.  The  gas  pressure  is 
dropped  to  atmospheric  across  the  metering  valves 
before  passing  through  one  of  four  possible  flow 
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meters  used  to  measure  flow  rates  from  0.1  to 
1000  cmVs.  All  gases  used  in  these  experiments 
are  untra-high  purity. 


miss  u«s 
CAUSE 


VALVES 


Figure  2.  Gas  pressure  and  flow  instrumentation 


Figure  3.  Two-pulse  circuit 
Two-Pulse  Circuit 


A  diagram  of  the  two-pulse  circuit  is  shown  in 
Figure  3.  The  trigger/delay  generator,  shown  at  the 
bottom  of  the  diagram,  has  two  outputs  which  control 
the  time  delay  between  the  first  and  second  pulses 
(100  ns  to  2S0  ms)  as  well  as  the  repetition  rate  of 
the  pulse  pairs  (0.5  to  5  pulse  pairs  per  second) . 

The  outputs  of  the  trigger/delay  generator  are  used 
to  trigger  two  8613  hydrogen  thyratrons,  V,  and  v2 . 

C.  and  C2  are  charged  through  Rt  and  r2  bY  two  high 
voltage  power  supplies.  Operating  limits  of  the 
thyratrons  require  the  voltage  to  be  between  4  and 
20  XV.  To  generate  the  first  pulse,  which  is  used 
to  break  down  the  gap,  V[  is  triggered  and  discharges 


Cj  through  Rj ,  the  spark  gap,  and  R? .  After  the 
desired  time  delay,  the  second  pulse,  which  is  used 
to  measure  the  voltage  holdoff  of  the  ionised  gap, 
is  generated  by  triggering  V2  which  discharges  C, 
through  R„ ,  the  spark  gap,  and  R,.  R,  and  R„  are 
Carborundum  resistors  used  to  limit  the  current  to 
500  A  to  protect  the  thyratrons;  R,  is  a  current¬ 
viewing  resistor.  Voltage  is  measured  with  a 
resistive  voltage  divider  across  the  spark  gap.  The 
voltage  waveform  across  the  gap  is  shown  in  Figure  4. 


Figure  4.  Voltage  waveform  across  spark  gap 

The  voltage  rises  to  the  striking  potential  of  the 
gap  in  20  ns  and  then  falls  abruptly  to  an  inter¬ 
mediate  level  from  which  it  tapers  off  more  slowly. 
This  intermediate  level  is  the  point  where  a  rising 
Ldi/dt  voltage  waveform  intercepts  the  trailing  edge 
of  the  pulse.  L  is  the  inductance  of  the  spark  gap 
and  current-viewing  resistor,  about  100  nH,  and  di/dt 
is  about  1010A/s.  Oscillations  following  the  break¬ 
down  are  associated  with  the  induct  nee  and  stray 
capacitance  of  the  spark  gap.  Figure  5  shows  the 
current  through  the  gap  (voltage  across  R,),  which 
is  limited  to  500  A  at  20  kV  and  discharges  the 
2.5-nF  capacitor  in  500  ns  (5t|  .  The  energy  dis¬ 
charged  through  the  gap  depends  only  on  the  energy 
stored  in  the  capacitors  and  not  on  the  breakdown 
voltage  of  the  spark  gap. 


Figure  5.  Current  waveform  through  spark  gap 

First-  and  second  pulse  amplitudes  are  obtained 
from  oscilloscope  photographs.  However,  it  is  diffi¬ 
cult  to  obtain  photographs  of  two  20-ns  pulses  sepa¬ 
rated  by  many  milliseconds  due  to  the  high-intensity 
blooming  of  the  baseline.  The  problem  becomes  worse 
with  multiple  trace  photographs,  but  can  be  overcome 
using  the  configuration  shown  in  the  lower  part  of 
Figure  3.  A  second  voltage  divider  is  placed  across 
the  spark  gap  and  connected  to  a  high-gam  amplifier. 
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The  output  from  this  amplifier  is  used  to  control 
the  intensity  (Z  axis)  input  of  a  Tektronix  7104 
oscilloscope,  thereby  making  the  intensity  of  the 
trace  proportional  to  amplitude.  The  propagation 
time  through  the  high-gain  amplifier  and  oscillo¬ 
scope  2- axis  circuit  is  150  ns.  It  is.  therefore, 
necessary  to  pass  the  voltage  waveform  signal 
through  a  150-ns  delay  line  (33  m  of  RG-58  cable) . 
This  technique  allows  the  baseline  of  the  oscillo¬ 
scope  trace  to  be  dimmed  or  blanked  completely 
while  maintaining  bright  pulse  spikes,  as  shown  in 
Figure  6. 


Figure  6.  Single-shot  photographs  of 
20-ns  pulses  1  ms  apart 

Experimental  Procedure 

Prior  to  collecting  recovery  data,  the  spark 
gap  electrodes  are  polished  down  to  a  clean  surface 
and  conditioned  with  at  least  100,000  shots  in  the 
gas  to  be  tested.  After  repeated  conditioning  and 
polishing,  the  flat  electrode  surfaces  become 
slightly  domed.  This  causes  the  effects  of  condi¬ 
tioning  to  be  more  pronounced  near  the  center  of 
the  electrode  tip.  The  maximum  deviation  from  a 
flat  surface  was  .013  cm  for  these  experiments. 

~.ap  spacing  is  measured  at  the  desired  gas  pressure 
oy  closing  the  micrometer  until  an  ohmmeter  indi¬ 
cates  the  gap  is  shorted  and  then  opening  the 
micrometer  to  the  desired  spacing. 

The  gas  flow  is  adjusted  so  that  the  total 
volume  of  the  spark  gap  is  exchanged  between  pul3e 
pairs  but  remains  essentially  motionless  between 
the  first  and  second  pulses.  This  changes  the 
gts  between  pulse  pairs  to  prevent  any  long-term 
buildup  of  impurities,  but  does  not  allow  the  gas 
to  change  significantly  during  the  recovery  period. 
Since  high  gas  pressures  create  high  gas  densities 
in  the  spark  gap  and  since  the  flow  rate  is  measured 
at  atmospheric  pressure,  the  gas  flow  must  be 
increased  as  pressure  is  increased  to  assure  that 
the  gap  volume  is  exchanged  between  pulse  pairs. 

Since  gas  temperature  may  affect  gap  recovery, 
thermocouples  were  placed  inside  the  gap  volume 
and  the  gas  tubing  to  measure  the  temperature  of 
the  gas  at  various  pressures  and  flow  rates. 

Results  show  that  the  gas  temperature  is  about 
36°  c  and  does  not  vary  more  than  3°  over  the  range 
of  pressures  and  flow  rates  used  for  this  data. 

Because  the  spark  gap  fires  during  the  voltage 
rise,  the  statistically  varying  time-to-breakdown 
causes  statistically  varying  breakdown  voltages. 
Therefore,  recovery  data  must  be  averaged.  Data 
are  obtained  photographically  using  multiple  image 
photographs  similar  to  the  one  shown  in  Figure  7. 


Figure  7.  Multiple  image  photograph  of  breakdown 
amplitudes  with  a  delay  time  of  1  ms 


The  horizontal  sweep  rate  of  the  oscilloscope  is 
adjusted  so  that  the  chosen  time  delay  between  the 
first  and  second  pulses  is  one-half  the  oscilloscope 
screen  width.  The  camera  shutter  is  open  while  the 
pulse  pairs  are  firing  about  once  per  second.  The 
trace  is  manually  advanced  slightly  for  each  pulse 
pair  until  the  beginning  of  the  crace  has  moved 
halfway  across  the  screen.  This  creates  a  multiple 
image  photograph  of  about  30  pulse  pairs,  each  with 
the  same  time  delay.  The  first  pulses  are  on  the 
left  half  of  the  picture,  and  the  second  pulses  are 
on  the  right  half.  The  mean  and  the  standard  devia¬ 
tion  of  the  voltages  are  then  calculated  to  provide 
one  data  point  for  the  recovery  graphs. 


Experimental  Results 


As  can  be  seen  in  Figure  7 ,  there  is  significant 
variation  in  the  breakdown  voltages  of  both  the  first 
and  second  pulses  due  to  the  statistically  varying 
time-to-breakdown.  The  amplitudes  show  that  for  a 
given  time  delay  there  is  no  correlation  between  a 
particular  first-pulse  breakdown  voltage  and  the 
corresponding  second-pulse  breakdown  voltage. 

Measuring  hundreds  of  amplitudes  shows  that  the 
statistical  variation  of  first-pulse  amplitudes  forms 
a  Gaussian  distribution  about  the  mean.  An  example  of 
this  distribution  is  the  cumulative  probability  versus 
breakdown-voltage  graph  shown  in  Figure  8.  Observa¬ 
tion  of  smaller  populations  of  second-pulse  amplitudes 
indicate  that  their  distribution  is  also  Gaussian. 
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An  example  of  a  recovery  curve  (nitrogen  at 
1400  kPa)  is  shown  in  Figure  9.  Each  pair  of  means 
and  standard  deviations  (0)  is  obtained  from  one 
photograph  containing  about  30  pulse  pairs.  The 
1004  line  represents  the  mean  of  all  first-pulse 
data  points  in  the  13  photographs  used  to  generate 
this  curve. 
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Figure  11.  Percent  recovery  versus  time  for  hydrogen 
at  various  pressures 


Figure  9.  Recovery  curve  for  nitrogen  at 
1480  kPa  with  0.013  cm  gap 

Figures  10  through  15  show  the  percent-electric- 
strength  versus  time-af tar-breakdown  curves  for  six 
gases  at  various  pressures.  Brass  electrodes  are 
used  with  a  gap  spacing  of  0.013  cm.  The  data  points 
for  these  graphs  are  the  means  of  the  second-pulse 
amplitudes.  The  standard  deviations  and  the  first- 
pulse  means  are  not  shown. 
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Figure  12.  Percent  recovery  versus  time  for  nitrogen 
at  various  pressures 
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Figure  10.  Percent  recovery  versus  time  for  argon 
at  various  pressures 
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Figure  13.  Percent  recovery  versus  time  for  helium 
at  various  pressures 
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igure  14.  Percent  recovery  versus  time  for  oxygen 
at  various  pressures 
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Figure  IS.  Percent  recovery  versus  time  for  dry  air 
at  various  pressures 

The  graph  for  argon  shows  that  complete 
recovery  varies  from  about  lo  msec  at  one  atmosphere 
to  100  usee  at  7  MPa.  The  recovery  curves  for  hydro¬ 
gen  are  more  erratic  and  show  that  increasing  pressure 
does  not  necessarily  decrease  recovery  time.  Complete 
recovery  for  hydrogen  occurs  between  10  and  100  usee 
for  pressures  above  50  psi.  Recovery  results  at 
atmospheric  pressure  are  erratic  and  are  still  under 
investigation.  Hydrogen  tended  to  overshoot  or  exceed 
100s  by  as  much  as  20%,  as  did  helium. 

Recovery  curves  for  hydrogen  and  argon  were 
also  obtained  on  an  earlier  two-pulse  system  with 
approximately  a  0.5-us  ri3t  time2.  Sven  though  the 
spark  gap  geometry  was  different  and  the  energy  dis¬ 
charged  was  in  the  milli joule  range,  the  recovery 
curves  were  similar  in  shape,  and  recovery  times  were 
generally  within  a  factor  of  two. 

The  recovery  curves  for  nitrogen,  oxygen  and 
dr/  air  are  limited  to  lower  pressures  due  to  the  high 
electric  strength  of  these  gases  and  the  voltage  limi¬ 
tations  of  the  experimental  apparatus.  Gas  flow  rate 
was  varied  by  an  order  of  magnitude  in  A,  N,  and  H, 
without  greatly  affecting  the  recovery  times. 


After  the  first-pulse  breakdown, a  column  of 
plasma  exists  in  the  gap  which  leads  to  a  lower 
electric  strength  when  voltage  is  applied  by  the 
second  pulse.  During  the  delay  between  pulses,  the 
neutral  particle  density  in  the  plasma  column  is 
increasing  since  recombination  processes  are  occur¬ 
ring  among  the  charged  particles.  A  percentage 
recovery,  R,  can  be  defined  as  the  relative  density 
of  neutral  particles  to  the  total  number  of  parti¬ 
cles.  When  all  recombination  processes  have  ended, 
R  will  equal  one  and  the  gas  will  have  recovered. 

At  any  time, the  total  particle  density  N  is  the  sum 
of  the  neutral  particle  density  nn  and  the  charged 
particle  pair  density  n,  that  is 


N  ■  n  +  n 
n 

The  rate  of  recombination  is  governed  by  the 
decrease  in  charged  particle  density  according  to 
the  general  equation 

■  DV2n  -  an2  -  yn 


where  the  terms  on  the  right-hand  side  describe 
diffusion,  recombination  and  attachment,  respec¬ 
tively.  The  coefficients  of  these  terms  are 
temperature  dependent,  when  the  diffusion  term  can 
be  ignored  and  the  gas  is  non-attaching,  y  is  equal 
to  zero  and  the  general  character  of  the  recovery 
curves  will  be  described  by  the  simple  equation 


dn 

at 


on 
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If  a  is  not  a  function  of  time,  the  solution  is 


n  «* 


n  (o) 

1  +  on (o) t 


A  normalized  charge  particle  density  n'  can  be 
introduced  by 


while  the  percent  recovery  is 


n 


The  total  particle  density  N  is  directly  proportional 
to  pressure;  therefore  R  is  pressure  dependent.  The 
equation  for  R  gives  the  characteristic  S-shape, 
shifting  to  the  left  with  pressure,  that  usually 
appears  in  the  recovery  data  plots. 

It  is  well  known  that  for  short  time  scales,  the 
recombination  coefficient  is  time  dependent.5'*  The 
process  of  spark  breakdown  will  result  in  initial 
columns  of  ionized  gas,  and  the  charged  particle 
reduction  rate  is  described  by  the  general  equation 
above  where  n  -  n(t).  Numerical  solution  of  the 
equation  gives  the  normalized  charged  particle 
density  n(t)/n(o),  while  the  condition  N  -  n  It)* 
n(t)  gives  the  neutral  particle  density.  Finally, 
the  ratio  r  •  nn<t)/n(t)  allows  R  »  r/(l+r)  to  be 
evaluated.  Introducing  this  time  dependence  for  the 
recombination  coefficient  causes  the  shape  of  the 
recovery  curves  to  vary  with  pressure,  providing  a 
qualitative  fit  to  the  experimental  curves. 
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The  actual  gas  Parana tars ,  coafficients  and  initial 
conditions  ara  bain 9  implemented  to  obtain  a 
quantitative  fit. 

Conclusions 

For  a  given  tine  delay,  there  is  no  statistical 
correlation  between  a  particular  first-pulse 
breakdown  voltage  and  the  corresponding  second-pulse 
breakdown  voltage,  the  statistical  variation  of 
voltage  aaplitudes  for  both  tha  first  and  second 
pulses  forms  a  Gaussian  distribution  about  the  mean. 
The  standard  deviation  of  the  first-pulse  data  tends 
to  decrease  as  tha  spark  gap  pressure  is  increased 
from  atmospheric  (17  -  22%)  up  to  7  MPa  (2  -  10%) . 
Tha  standard  deviation  of  the  sacond-pulse  data 
shows  a  tendency  to  increase  as  pressure  is 
increased  and  is  generally  between  one-fourth  and 
twice  the  first-pulse  standard  deviation. 

With  the  possible  exception  of  hydrogen, 
increasing  pressure  significantly  decreases  recovery 
time.  For  most  gases,  the  shape  of  the  recovery 
curves  tends  to  vary  from  concave  up  at  low  pres¬ 
sures  to  concave  down  at  higher  pressures.  An 
explanation  of  the  recovery  data,  based  on  a  model 
with  a  time-dependent  recombination  coefficient 
appears  to  provide  the  proper  recovery  curve  shapes. 
Quantitative  evaluation  of  these  curves  is  under  way. 
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Flow  Visualization  in  a  Gas  Blown  Spark.  Gap 
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Summary 

This  paper  presents  results  obtained  during  the 
Inlctal  phase  of  a  study  of  affects  of  fLuid  mechan- 
ics  and  Heat  transfer  on  the  performance  of  gas 
blown  spark  gaps,  Air  was  blown  between  healspharical 
electrodes  with  arc  pulse  rates  of  up  to  100  ppa.  A 
Mac'.i-Zehndec  intarf eroester  systea  was  ussd  to 
visualise  che  gas  density  variations  during  the 
flushing  process.  High-speed  photographs  show  the 
flow  pacteme  as  the  heated  gas  resulting  froa  arc 
discharges  convects  out  of  che  gap.  These  inter- 
ferograas  also  show  the  effects  of  boundary  layers 
near  the  electrodes,  as  well  as  che  pach  of  a  typi¬ 
cal  prefire  arc  passing  through  che  heated  gas  froa 
che  previous  arc  discharge.  Froa  this  initial 
investigation.  It  is  apparent  that  the  Inter¬ 
ferometer  represents  a  useful  tool  to  obtain  quali¬ 
tative  Information  about  flow  patterns  In  gas  blown 
spark  gaps.  Work  Is  continuing  to  develop  chis  tool 
to  obcain  quantitative  data  for  the  poet-arc  gas 
density  distribution  as  a  function  of  time. 

Introduction 

It  is  well  known  that  there  la  an  important 
Influence  of  the  Interelectrode  fluid  mechanics  end 
related  heat  transfer  processes  on  the  performance 
of  gas  blown  spark  gap  switches.  In  fact,  for 
heavy-duty,  rep-rated  operation  of  these  types  of 
switches,  the  fluid  mechanics  often  becomes  the 
controlling  factor  in  governing  maximum  rep  rate. 

In  general,  the  qualitative  nature  of  switch  behav¬ 
ior  is  such  chat  if  It  is  dmslrsd  to  increase  rsp 
rate,  the  gas  blowing  rata  must  also  be  Increased  in 
ordar  Co  flush  che  postarc  hoc  gas  from  the  gap 
more  rapidly.  However,  the  physics  of  ths  flushing 
process  is  complex  and  poorly  understood,  and  quan¬ 
titative  relationships  between  gap  recovery  time  and 
the  fluid  mechanics  and  hast  transfer  are  needed. 

One  problem  Involves  relating  gap  breakdown 
voltage  to  Che  nonuniform  gas  density  distribution 
which  axlats  in  the  gap  after  an  arc  discharge  and 
which  changes  with  elms  as  the  hoe  gas  is  purged 
froa  tha  gap.  The  related  problem  Is  to  determine , 
for  a  given  arc  discharge,  this  postarc  gas  density 
distribution  history  as  a  function  of  fluid  mechan¬ 
ics,  heat  transfer,  and  electrical  variables. 

Important  variables  influencing  the  gas  density 
distribution  history  ars  the  characteristics  of  the 
arc,  properties  of  tha  electrode  materials, 
electrode  geometry,  type  of  gas,  sod  the  mass 
flowrate  through  tha  Inearalectrode  region. 

In  an  effort  to  address  tha  problem  of  experi¬ 
mentally  determining  the  gas  density  distribution 
history  following  an  arc  discharge,  the  work  reported 
hare  was  undertaken.  Tha  short  tins  scale  on  wtu.ch 
the  energy  released  by  tha  arc  end  the  subsequent 
flushing  process  occurs,  the  physically  smell  space 
Involved,  and  the  high  voltage  potential  between  tha 
electrodes  render  the  use  of  probes  to  measure  local 
density  difficult  If  not  impossible.  Thus,  tha 


approach  taken  in  this  study  was  to  use  an  optical 
method  and  high-speed  photographic  techniques  In  an 
Initial  attempt  to  visualize  the  flow  in  a  gap,  and 
to  determine  if  effects  on  the  gas  density  distribu¬ 
tion  history  of  several  of  the  aforementioned 
variables  could  be  seen.  The  electrode  geometry 
chosen  for  this  study  la  somewhat  simplified,  and 
tha  gas  velocities  and  rep  rates  ars  admittedly  low 
compared  to  those  contemplated  in  practical  gas 
blown  spark  gap  designs.  However,  it  was  felt  that 
many  of  the  questions  associated  with  the  experimen¬ 
tal  methods  could  be  answered  using  these  simplified 
conditions. 

Experimental  Setup 

A  photograph  of  the  experimental  setup  Is  pre¬ 
sented  in  Figure  l.  An  electrode  configuration  con¬ 
sisting  of  two  l-lnch  diameter  brass  electrodes  with 
spherical  ends  was  used  for  all  experiments.  The 
electrodes  were  mounted  between  parallel  insulating 
plates  wick  no  side  enclosures.  Thus,  che  electrodes 
were  open  to  che  laboratory  air  environment.  Flush¬ 
ing  of  the  interelectrode  gap  was  accomplished  by  a 
Jet  of  air  issuing  from  a  2-lnch  diameter  PVC  pipe 
connected  to  a  variable  flowrate  blower.  The  exit 
of  the  pipe  was  placed  about  two  inches  from  the 
electrodes  with  the  axis  of  che  Jet  perpendicular 
to  che  axis  of  the  electrodes.  The  gap  was  thus 
exposed  to  an  essentially  uniform  free-streaa 
blowing  velocity  with  a  direction  noreel  to  the  path 
of  che  arc  discharge.  Arcs  were  generated  by  a 
relaxation  oscillator  arrangement  with  a  0-20  kV, 

10  kW  power  supply.  The  values  of  the  charging  and 
load  resistors  were  100  and  29  u ,  respectively. 

The  electrode  assembly  was  placed  In  Che  test 
section  of  a  Mach-Zehnder  Interferometer  with  6-lnch 
diameter  optical  elements  end  a  15  helium-neon 
laser  light  source.  The  orientation  of  the  blowing 
jet  was  such  that  a  side  view  of  the  flushing  proc¬ 
ess  could  be  observed.  Two  different  high-speed, 
16-mm  notion  picture  cameras  were  used  to  obtain  the 
sample  lntarfarograms  presented.  With  a  UO-volc 
power  supply,  oae  camera  provides  full-frame  pic¬ 
tures  at  up  to  about  4,800  pictures  per  second,  and 
tha  other  provides  half-frame  pictures  at  about 
twlcs  the  rate  of  che  full-frame  camera.  A 
telephoto  lens  was  employed  with  each  camera. 

Discussion  of  Hesults 

Tha  results  of  the  present  study  are  presented 
in  Figures  2-5.  Each  figure  presents  a  series  of 
lntarfarograms  printed  from  16-sm,  high-speed,  black 
and  whits  reversal  film  (Kodak  TC-X  teversal  film 
Ho.  7278).  Since  tha  prints  were  mode  from  posi¬ 
tives,  they  appear  aa  negatives;  that  is,  what  would 
normally  appsar  whits  to  tha  ays  appears  black  on 
ths  prints.  This  Is  particularly  evident  for  the 
arcs  shown  In  the  figures. 

All  figures  show  a  sequence  of  six  photographs 
obtained  at  a  cams r a  speed  of  approximately  4700 
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Figure  t.  Experimental  Setup 


(rone  par  second .  The  exposure  tlaa  for  each  pic¬ 
ture  la  about  80  us.  In  all  plcturaa,  the  tlpa  of 
the  healapharlcal  electrodes  appear  to  the  upper  and 
lower  left.  For  reference  purposes,  Che  black  line 
drawn  on  each  picture  indicates  the  vertical  axis  of 
the  electrodes,  lighting  conditions,  the  position 
of  the  electrodes  within  the  frame,  and  the  field 
of  view  vary  somewhat  between  figures  due  to  the 
exploratory  nature  of  the  investigation. 

The  flow  of  air  is  fro*  left  to  right  in  all 
photographs.  As  discusssed  earlier,  the  flow 
approaches  the  electrodes  as  a  uni fore  stream 
discharging  from  a  2-inch  diameter  pipe  about  two 
inches  from  the  electrodes.  The  electrodes  and  air 
stream  are  located  in  a  large  room,  and  because  of 
this,  the  pressure  is  essentially  constant 
throughout  the  lnterelectroda  region . 

The  Infinite  fringe  method  of  utilising  the 
Interferometer  is  illustrated  in  all  figures.  With 
this  method,  the  undisturbed  flow  field  appears  as  a 
region  of  uniform  Intensity  on  the  photographs.  The 
presence  of  a  density  variation  within  the  teat  sec¬ 
tion  results  in  a  variation  of  the  index  of  refrac¬ 
tion  in  that  region  tad  a  local  change  of  velocity 
for  the  light  passing  through.  This  light  is  recom¬ 
bined  with  the  light  passing  through  the  reference 
section  st  the  second  splitter  plate,  and  a  series 
of  interference  fringes  are  formed.  Photographs  of 
these  fringe  pecterna  convey  information  about  the 
Integral  of  the  density  variation  along  the  optical 
axis  of  eha  test  section.  For  this  particular 
application,  the  density  disturbance  is  three- 
dimensional  la  nature,  tad  these  single-view  pho¬ 
tographs  cannot  be  directly  Interpreted  to  yield 
local  density  within  the  disturbed  regions.  They 
can,  however,  be  used  to  infer  the  general  extant  of 
the  affected  region  sad  its  notion.  It  it  these 
general  characteristics  that  are  being  described  st 
this  tins.  Work  is  presently  underway  to  laprovs 
the  quantitative  capabilities  of  tha  Interferometer 
as  spplled  to  this  situation. 


Figure  2  presents  photos  of  the  density 
variation  of  the  gas  in  the  Interelectrode  region 
following  an  arc  discharge.  The  blowing  velocity 
was  5  ft/s,  and  the  capacitance  of  the  discharge 
capacitor  was  0.01  pF.  The  gap  spacing  was  0.15  in. 
and  the  breakdown  voltage  was  approximately  12.5  kV. 
The  resulting  arc  current  waveform  was  underdaaped, 
had  a  maximum  current  of  approximately  200  A,  and 
decreased  to  zero  in  about  10  us.  An  arc  discharg¬ 
ing  at  che  minimum  electrode  separation  point  is 
seen  in  Figure  2(a)  along  with  fringes  generated 
during  the  time  of  expoeure.  Also  shown  in  the  far 
right  of  che  picture  is  a  region  of  lower  gas  den¬ 
sity  due  to  e  previous  arc.  This  region  appears 
somewhat  faded  due  to  a  decrease  in  the  background 
lighting  coward  the  right  of  the  photos.  The 
sequence  of  photos  2(b)  through  2(f)  shows  s  general 
flattening  of  the  affected  region  as  it  novas  out  of 
tha  gap.  Also  evident  is  a  general  elongation  of 
tha  affected  region,  with  the  upstream  edge  moving 
to  the  right  such  slower  than  the  downstream  edge. 

It  should  be  mentioned  here  that  the  apparent  veloc¬ 
ity  of  the  affected  region  is  due  to  a  combination 
of  heat  transfer  and  fluid  motion.  The  general  ten¬ 
dency  is  for  the  fringe  pattern  to  maintain  its 
shape  as  it  progresses  out  of  che  gap,  at  least  for 
a  distance  of  one  to  two  gap  spadngs.  This  would 
seem  to  indicate  a  laminar  flow  pattern  in  this 
region.  Beyond  this  distance  the  flow  separates 
from  the  electrodes,  and  che  upper  and  lower  por¬ 
tions  of  the  heated  region  ara  caught  in  a  relati¬ 
vely  low  valodty  recirculation  region  behind  both 
Che  upper  and  lower  electrodes.  This  gives  rise  to 
the  long  "tdls*  evident  in  tha  tested  gas  from  the 
previous  arc. 

Figure  3  presents  results  for  tha  same  con¬ 
ditions  as  those  for  Figure  2,  escape  that  tha  capac¬ 
itance  of  the  discharge  capedeor  mss  Increased  to 
0.32  uF.  The  breakdown  voltage  was  also  aasancially 
tha  same  (~  12.3  W) .  This  resulted  in  an  ovmrdamped 
arc  currene  waveform  peaking  ae  approximately  *50  A 
and  decreasing  to  taro  in  about  20  we.  A  different 
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UMti  Mtup  was  us  ad  for  these  photos  resulting  in 
a  slightly  largar  aagnlf 1 cat loo  sad  a  soaawhac  dlf- 
farant  region  of  tha  flow  field  covered  la  tha  pho¬ 
tos.  Tha  photos  la  Figure  3  ara  somewhat  out  of 
focus  sad  this  results  la  a  slight  optical  dlstor- 
tioo  of  tha  alactroda  shape.  A  mi  eh  slower  are 
repetitloa  rata  was  used  la  Figure  3.  Because  of 
this,  haatad  gas  fro*  tha  previous  are  does  not 
appear  la  this  sequence . 

A  comparison  of  Figures  2  sad  3  shows  tha  affect 
of  tha  energy  of  tha  arc  discharge  on  tha  density 
distribution  within  tha  electrode  region  during 
single-shot  operation.  Apparent  in  tha  figures  Is 
the  difference  in  the  size  of  the  region  affected  by 
tha  discharge.  For  the  smaller  discharge,  tha 
haatad  region  Is  primarily  confined  to  tha  central 
region  between  the  electrodes  with  only  a  small  por¬ 
tion  la  contact  with  the  upper  electrode.  As 
expected,  the  higher  energy  discharge  results  In  a 
much  larger  affected  area  with  a  much  larger  contact 
area  between  the  affected  region  and  the  electrodes. 
This  larger  contact  area  emphasizes  the  importance 
of  the  electrodes  In  the  overall  problem  of  cooling 
the  Interelectrode  region. 

Figure  4  presents  a  sequence  of  photos 
Illustrating  the  phenomena  to  be  avoided  in  rep- 
rated  operation  of  a  spark  gap,  that  Is,  restrlke. 

The  overall  conditions  for  these  photos  ara  the  same 
as  In  Figure  2.  In  fact,  these  photos  came  from  the 
same  roll  of  film.  Again,  an  arc  discharging  at  the 
minimum  electrode  spacing  Is  seen  in  the  left  por¬ 
tion  of  Flgura  4(a)  along  with  a  region  of  lower 
density  from  a  previous  arc  In  the  right  portion. 
Figures  3(b)  and  3(c)  show  the  heated  region  moving 
downstream,  and  In  Figure  3(d)  a  restrlke  is  seen  to 
occur  through  the  heated  region  as  opposed  to 
occurring  at  the  minimum  electrode  separation 
distance.  Figures  3(c)  and  3(f)  show  the  heated 
region  from  the  Initial  arc  and  the  restrlke  con¬ 
tinuing  to  be  moved  from  the  laterelectrode  space. 

Comparing  Figures  2  and  4,  one  can  see  that  the 
general  shape  of  the  region  heated  by  the  initial 
arc  is  essentially  the  same  In  both  cases.  However, 
comparing  photos  (c)  and  (d)  of  each  sequence,  It 
appears  that  an  additional  half-fringe  is  present  in 
Figure  4.  This  would  seem  to  Indicate  that  the 
heated  region  in  Figure  4  is  slightly  hotter,  and 
this  nay  account  for  the  restrlke  observed  in  this 
sequence. 

Figure  3  shows  the  result  of  Increasing  the 
approach  velocity  to  approximately  22  ft/s.  The 
snail  capacitor  was  again  used,  but  the  gap  spacing 
was  reduced  to  0.1  In.,  resulting  In  a  lower  break¬ 
down  voltage  (~  10  kV)  and  consequently  lower  energy 
release  In  tha  arc.  Flgura  3(a)  shows  the  sffectsd 
area  Immediately  after  the  arc  discharge  aad  Figures 
3(b)  through  3(f)  show  tha  movement  of  the  heated 
gee  out  of  the  interelactrode  region.  The  rate  at 
which  the  heated  region  novas  out  of  the  gap  Is 
noticeably  higher  for  this  case.  For  the  situations 
shown  In  Figures  2,  3  and  4,  the  upstream  edge  of 
the  heated  region  moves  to  tha  right  at  approximately 
6  ft/s,  irfille  the  downstream  edge  moves  at  about 
16  ft/s.  With  the  higher  jet  velocity,  Figure  3,  the 
upstream  edge  exits  the  gap  region  at  about  19  ft/s 
while  the  downstream  edge  moves  at  about  29  ft/s. 
These  velocities  give  Indications  of  the  movement  of 
the  central  portion  of  the  heated  region.  However, 
as  Is  evident  in  Figure  3,  the  region  near  tha 
electrodes  stays  relatively  hot  even  after  the  core 
region  Is  cooled.  This  Is  a  result  of  Che  much 


Figure  4.  Interferograms  Showing  Restrlke  for 
low  Jet  Velocity  (~  3  ft/s)  and  Small  Capacitor 
(~  0.01  uF). 
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lower  velocities  In  the  boundary  layer  near  aach 
electrode.  Work  Is  currently  being  dona  to  Investi¬ 
gate  the  possibility  of  visualizing  restrlkes  for 
thesa  higher  velocities. 

Conclusions 


The  interferometer  was  used  to  visualize  the 
density  distribution  in  a  gas  blown  spark  gap  of 
staple  geooetcy.  The  lnterferograas  obtained 
clearly  show  the  effects  of  the  heating  of  the  gas 
by  the  arc  and  the  flushing  of  this  heated  region  by 
the  purging  gas.  The  effects  of  the  aagnltude  of 
the  blowing  velocity,  of  the  characteristics  of  the 
arc,  and  of  the  hydrodynaoic  boundary  layers  on  the 
electrodes  can  be  seen.  Slollar  qualitative  results 
could  be  readily  obtained  for  more  practical  gap 
designs  provided  that  light  can  be  passed  through 
the  gap  region.  Work  is  continuing  on  this  tech¬ 
nique  to  provide  quantitative  aa  well  as  additional 
qualitative  information  for  the  study  of  the  fluid 
mechanics  and  heat  transfer  aspects  of  gas  blown 
spark  gaps. 
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Sunoary 

KrF  (248  nm)  laser  triggered  spark  gaps  with  UV 
optical  fibers  to  transmit  the  laser  beau  have  been 
developed,  when  it  was  illuminated  by  a  unfocused  KrF 
laser  beam  through  an  optical  fiber,  it  could  operate 
at  V/VB  of  90*  with  less  than  5  nsec  jitter  for 
switching  an  SFg-gas- insulated  spark  gap  (V;  triggered 
voltage,  V0i  self-breakdown  voltage).  This  technique 
is  found  promising  for  nanosecond  synchronization  of  a 
system  consisting  of  many  pulse  power  modules. 


Introduction 

Laser  triggered  spark  gap  (LTSG) [1]  has  bean 
studied  as  the  highly  reliable  switch  in  pulse  power 
technology,  because  it  can  operate  in  short  switching 
time  with  low  jitter  and  hardly  operates  erroneously 
by  electrical  noise.  In  the  early  works,  only  high- 
power  lasers  in  excess  of  tens  of  megawatt  were  used  to 
produce  metal  plasma  on  the  electrode  surface. 
Therefore,  the  used  lasers  wars  limited  to  high-power 
lasers  in  the  infrared  and  visible  apectral  region*. 
However,  it  is  recently  reported  that  a  gas-insulated 
spark-gap  can  operate  with  aufananosecond  jitter  when 
triggered  with  UV  lasers  of  as  low  as  several  milijoule 
energy  [2](3J.  UV  raregas  halide  excimer  lasers  are 
used  in  some  experiments  since  insulating  gases  such  as 
SFg  can  be  ionized  easily  by  two  or  three  photon 
absorption  processes  in  the  W  spectral  region. 
Conventional  LTSGs  have  structural  limitations  on  the 
extension  of  the  applications,  because  the  laser  beam 
propagates  through  the  air  and  they  must  use  many 
optical  components.  Therefore,  it  would  be  satisfac¬ 
tory  for  the  use  as  a  switch  in  a  single  module.  This 
scheme  is  potentially  capable  of  triggering  multi- 
modules  of  pulse  power  machines  in  low  jitter  timing. 

If  many  optical  components  are  replaced  with  UV 
optical  fibers  for  simplicity,  UV-LTSGs  are  usable  for 
multimodule  system  at  least  in  terms  of  laser  engineer¬ 
ing.  For  the  first  time  we  would  like  to  report  the 
fundamental  work  on  the  SFg-gas-insulated  spark  gap 
switches  illuminated  by  KrF  laser  (248nm)  through  UV 
optical  fibers.  The  LTSG  with  optical  fibers  can 
eliminate  the  alignment  of  the  laser  beam  into  spark 
gaps  and  the  environmental  problem,  and  can  be  easily 
coupled  to  many  switches  without  beam  splitters.  This 
type  of  spark  gap  switch  was  found  to  be  promising  for 
triggering  multimodules  of  pulse  power  machines  in  low 
fitter  timing. 

Experiment 

The  experimental  arrangement  is 
schematically  shown  in  Fig.  1.  The  electrical  circuit 
is  a  capacitor-transfer-type  circuit  from  Cy  to  C2. 

The  Ci  is  an  80-nF  capacitor,  and  the  C2  is  a  30-nF 
capacitor  consisting  of  eleven  2.7-nF  BaTiOg-series 
ceramic  capacitors.  The  charging  time  is  about  180 
nsec.  As  a  dummy  load  we  used  a  2.S-£)  copper  sulfate 


resistor.  The  LTSG  works  as  an  output  switch.  The 
electrodes  of  the  spark  gap  are  a  pair  of  half-sphere 
(25-inn  diameter)  brass  electrodes.  The  gap  spacing  is 
2  mm.  The  optical  fiber  is  coupled  to  the  center  of 
the  electrode  (anode) ,  the  end  of  which  is  placed  1  me 
behind  the  electrode  surface.  The  optical  fiber  is  a 
commercially  available  step-index-type,  whose  core  is 
made  of  fused  quartz  (ny.1.45)  of  1-om  diameter  and  its 
clad  is  silicon  (n2*>1.02)  of  1.25-sa  diameter.  The  KrF 
laser  oscillator  was  driven  by  Blumlein  pulse  forming 
lines.  A  typical  laser  pulse  is  IB  nsec  FtfHM  with  an 
energy  of  40  ml  and  a  beam  cross-section  of  2 -cm  height 
x  0.3 -cm  width.  This  laser  output  was  focused  onto  the 
ona  end  of  the  optical  fiber  by  a  CaF2  lens  (i« 6.0  cm) . 
We  adjusted  the  intensity  on  the  end  of  the  fiber  by 
changing  the  distance  between  the  end  surface  and  the 
focal  point. 

Prior  to  the  experiment,  KrF  laser  transmission 
characteristics  through  the  optical  fiber  was 
measured.  The  detailed  results  will  be  published 
elsewhere.  The  loss  of  the  optical  fiber  was 
dependent  on  the  focused  laser  power  and  was  measured 
to  be  2  dB/m  when  the  end  of  the  fiber  was  illuminated 
by  an  intensity  of  100  HH/a*2.  The  2-m  long  optical 
fiber  was  used  experimentally.  The  voltage  waveform 
on  the  dummy  load  was  monitored  by  a  voltage  monitor. 

The  laser  pulse  waveform  was  detected  by  a  biplanar 
phototube.  Both  signals  were  displayed  on  a  Tektronix 
7844  dual-beam  oscilloscope.  The  time  jitter  and  delay 
were  measured  by  averaging  every  10  shots. 

Results  and  Discussion 

In  Fig.  2,  the  time  history  of  a  typical  charging 
voltage  on  the  C2  capacitor  is  shown  by  the  upper  trace 
(a) ,  while  the  trigger  laser  pulse  and  the  voltage  wave¬ 
form  on  the  2.5-SJ  dummy  load  are  alto  shown  by  the 
lower  trace  (b) .  In  Fig.  2(a),  delay  time  is  here¬ 
after  defined  as  the  time  delay  between  the  rise  of  the 
laser  pulse  and  the  rise  of  the  voltage  on  the  resistive 
load. 

Shown  in  Fig.  3  is  the  dependence  of  the  delay  time 
on  the  value  of  v/vB  at  which  the  laser  trigger  is  done. 
Here,  the  illuminated  intensity  at  the  exit  end  of  the 
optical  fiber  is  2  MW/ca?.  As  can  be  seen  in  Fig.  3, 
the  laser  trigger  is  effective  at  the  value  of  V/Vb  * 
70*,  and  the  time  jitter  of  less  than  5  nsec  is  obtained 
at  V/VB«  90*.  Under  this  condition  tbs  time  delay  is 
20  nsec  and  the  velocity  of  the  streamer  formation  is 
estimated  to  be  107cm/sec. 

Figure  4  shows  the  delay  time  dependence  on  the 
illuminated  intensity  at  V/VB*  90*.  It  is  seen  that 
the  delay  time  is  strongly  dependant  on  the  illuminated 
intensity.  This  wauld  be  attributable  to  the  initial 
electron  number  density  produced  by  the  laser  photons. 

In  conclusion,  we  have  developed  for  the  first  time 
the  LTSG  with  uv  optical  fibers.  It  operated  in  S-nsec 
time  jitter  when  triggered  with  s  KrF  laser  pulse  at 
90*  of  the  self -breakdown  voltage  for  an  SFj-gas- 
insulated  spark  gap.  The  illuminated  KrF  laser  1248  nm) 
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energy  was  less  Chan  10  yJ/shot. 

In  cha  future,  both  the  use  of  Che  lens  in  a 
spark  gap  and  development  of  optical  fibers  through 
which  more  intense  uv  can  be  transmitted  will  be  able 
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Voltage  Waveform  on  Dummy  Load 


Figure  2  Time  histories  of  (a)  a  typical  charging 
voltage  on  the  C2  capacitor  without  self- 
breakdown,  and  (b)  the  trigger  laser  pulse 
and  the  voltage  on  the  resistive  load. 
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re  3  Dependence  of  the  delay  time  on  the  value  of 
V/Vq  at  which  the  laser  trigger  is  done. 
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'JV  radiation  triggered  rail-gap  switches 


R.S.  Taylor  and  K.E.  Leopold 
National  Research  Council  of  Canada 
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Ottava,  K1A  0R6 ,  Canada 


UV  radiation  from  either  an  excimer 
laser  or  a  corona  discharge  has  been  used  to 
initiate  sub-nanosecond  Jitter,  multichannel 
breakdown  in  a  gas  insulated  rail-gap 
consisting  of  two  uniform  field  electrodes. 

Introduction 

Numerous  low  inductance  devices  are 
capable  of  switching  high  voltages  from  low 
impedance  pulse  forming  lines  (PFL)  to  low 
Impedance  loads.  These  include:  the  dc- 
triggered  surface  spark-gap,!  which  is  still 
under  development  and  may  prove  useful  as  a 
low  repetition  rate,  high  charge  transfer 
switch jmagnetlc  switches,2  which  on  the  basis 
of  preliminary  results,  appear  promising  for 
specific  high  repetition  rate  applications 
although  to  assess  their  full  capability, 
more  information  is  needed  on  switch  dissi¬ 
pation,  switching  speed  and  the  general 
scalability  of  these  devices;  and  rail-gap 
switches,  which  over  the  years  have  provided 
a  versatile  and  scalable  approach  to  switch¬ 
ing  high  voltages. 3-3  Recently  such  switches 
have  received  considerable  attention  due  to 
their  important  role  in  the  development  of 
high  output  energy,  long  optical  pulse 
duration  excimer  lasers. 9>I3  In  the  past, 
rail-gap  switches  have  been  triggered  using 
three-electrode,  field  distortion  tech- 
niques3-6  and  have  been  successfully  employed 
in  low  repetition  rate,  high  charge  transfer 
switch  applications . 3  More  recently  coherent 
uv  radiation3^'  from  an  excimer  laser  and 
incoherent  uv  radiation  from  a  corona 
discharge3  have  been  used  as  trigger  sources. 


The  first  laser-triggered 
experiments  demonstrated  that 
millljoules  of  unfocussed  KrF 
was  required  to  produce  multic 
down  in  an  edge-plane  rail-gap 
nlque  was  extended  to  uniform 
gaps3  by  using  Ar  gas  together 
of  gas  additive  ( fluorobenzene 
produce  efficient  two-photon  1 
the  KrF  laser  wavelength  (248 
this  approach  was  very  success 
ducing  multichanneling,  the  us 
additive  gas  mix  resulted  in  a 
voltage  hold-off  and  substantl 
dissipation ■ 


This  paper  describes  recent  important 
developments  in  laser  triggering  of  uniform 
field  electrode  rail-gaps  which  permit 
subnanosecond  Jitter,  multichannel  switch 
breakdown  with  good  voltage  hold-off  and 
twitch  dissipation.  This  paper  also  des¬ 
cribes  the  use  of  a  simple  corona  trigger 
source,  which  when  appropriately  designed  to 
incorporate  tome  of  the  important  features 
of  laser  triggering,  results  in  similar  low 
Jitter,  multichannel  switch  performance. 


Experimental 


The  rail-gap  test  facility  is  shown  in 
Fig.  1.  It  consisted  of  a  three-element 
distilled  water  dielectric  pulse  forming  line 
(PFL)  which  was  pulse  charged  in  a  few  us 
from  a  Marx  bank  primary  energy  source.  The 
two  way  energy  transit  time  of  the  line  was 
-50  ns  and  a  line  impedance  of  1  (1  was 
employed.  The  PFL  was  connected  to  a  gas 
insulated  rail-gap  switch.  A  short  section  of 
transmission  line  connected  the  switch  to  a 
matched  CuSOj,  resistive  dummy  load.  A 
secondary  line  was  employed  in  order  to 
simulate  a  test  facility  that  had  previously 
been  used  with  a  realistic  (initially  high 
impedance)  excimer  laser  load.3  The  extension 
of  the  line  after  the  switch  was  necessary  to 
improve  the  switch  performance  to  a  level 
obtained  with  resistive  dummy  loads.  The 
voltages  on  the  PFL  and  resistive  load  were 
measured  using  a  fast  risetime  (1  ns)  high 
voltage  probe-CuSOi,  resistive  divider 
combination.  A  pair  of  low  inductance  current 
viewing  resistors  were  incorporated  into  one 
of  the  ground  returns  of  the  dummy  load  to 
measure  the  current. 


rail-gap 
only  a  few 
laser  radiation 
hannel  break- 
.T  The  tech- 
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with  a  few  ppm 
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onization  at 
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Fig.  1  Schematic  of  the  uv-radiation 

triggered  rail-gap  test  facility. 
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The  rail-gap  switch  (rig.  2)  consisted 
of  two  3  cm  diameter,  50  cm  active  length 
brass  electrodes  which  were  mounted  in  a 
perspex  housing  at  a  gap  separation  of  either 
0.7  or  1.4  cm.  Calculated  values  of  the 
electrode  field  enhancement  factors^  are 
sufficiently  low  (1.0-1. 3)  for  the  electrodes 
to  be  considered  essentially  uniform  field. 
Experiments  using  different  electrode  profiles 
indicated  that  improved  switch  performance 
resulted  when  the  field  enhancement  factor  of 
the  positive  polarity  electrode  (f  -  1.3)  was 
somewhat  greater  than  that  of  the  negative 
electrode  (f  -  1.1).  The  switch  gas  mix  and 
pressure  were  chosen  so  that  breakdown  only 
occurred  in  the  presence  of  the  laser  trigger 
pulse.  This  mode  of  operation  ensured  a  low 
probability  of  switch  prefire  and  permitted 
maximum  energy  transfer  from  the  primary 
energy  storage  source  to  the  PFL.  The  degree 
of  switch  overpressure  was  typically  10-30J 
with  a  somewhat  narrower  range  for  optimized 
multichannel  breakdown.  The  ga3  mix  was 
chosen  on  the  following  basis.  Excellent 
multichannel  switching  was  possible  with  pure 
Ar;  however,  a  5 0<  Nj.  50S  Ar  gas  mix 
increased  the  breakdown  voltage  of  the  switch 
without  substantially  reducing  the  multi- 
channeling.  Approximately  ll  SFg  was  added 
to  this  mix  in  order  to  stabilize  the  break¬ 
down  threshold  on  a  shot  to  shot  basis.  For 
static  gas  fills  of  the  switch,  the  perfor¬ 
mance  deteriorated  as  a  function  of  the  number 
of  shots.  This  was  attributed  to  a  depletion 


Fig.  2  Laser-triggered  rail-gap  switch. 


of  gas  impurities  which  ecu* .  uncergc.  photo¬ 
ionization  at  the  laser  wavelength.  A  few 
parts  per  million  of  a  gas  additive0*'  “  .  g . 
f  1  uoroben: ene  )  was  therefore  added  to  t..e  gas 
mix  to  ensure  a  sufficient  quantity  of  easily 
ionized  molecules  for  the  duration  of  each 
experiment . 

The  laser  trigger  source  consisted  of  a 
10  ns  duration  (FWHM)  uv  pulse  produced  by  a 
iCrF  (218  nm )  excimer  laser.  The  laser 
utilized  unstable  resonator  optics  to  permit 
the  propagation  of  the  laser  beam 

p 

(1  x  0.5  ca  )  for  many  metres  without 
significantly  altering  the  bean  profile. 
Calibrated  uv  attenuators  and  apertures  were 
used  to  vary  the  KrF  energy  and  spatial 
distribution  f.t  the  entrance  to  the  switch. 

Fig.  3  shows  the  time  dependence  of  the 
voltage  on  the  PFL.  At  a  time  (7)  corres¬ 
ponding  to  the  crest  of  the  charging  cycle 
the  laser  beam  was  directed  through  a  quartz 
window  and  down  the  rail-gap  axis  to  initiate 
multichannel  breakdown. 
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Fig.  3  Typical  charging  voltage  on  the  PFL. 


Results  and  Discussion 


Laser  Trlt 


Experiments 


Fig.  1*  shows  the  dependence  of  the 
number  of  visible  channels  in  the  switch  as  a 
function  of  the  KrF  energy.  For  KrF  energies 
<  1  «J  the  number  of  channels  increases  with 
laser  energy,  however  for  energies  i  1  mJ  the 
switch  performance  is  essentially  independent 
of  the  laser  energy.  These  data  indicate 
that  reliable  triggering,  u'.ch  is  Insensitive 
to  large  variations  in  laser  energy,  should 
be  possible  using  even  the  smallest  commer¬ 
cially  available  excimer  la-e*s. 
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Alternatively  this  data  also  implies  that  an 
average  sized  (100-200  mJ  )  commercial  KrF 
laser  should  he  capable  of  simultaneously 
triggering  -10  such  rail-gaps 


Fig.  L  Switch  performance  as  a  function  of 
the  laser  energy  into  the  sw  ;h. 


Fig.  5  Switch  performance  as  a  function  of 
the  3patial  distribution  of  the  KrF 
laser . 


Fig.  5  illustrates  one  of  the  most 
important  and  Interesting  features  of  this 
triggering  technique.  One  observes  optimum 
multichanneling  when  the  laser  beam  irradi¬ 
ates  a  narrow  region  (2x2  mm^)  close  to  but 
not  necessarily  touching  the  positive  polarity 
electrode.  When  the  laser  beam  is  moved  away 
from  the  positive  electrode  or  if  the  aper¬ 
ture  height  is  increased  to  permit  greater 
Irradiation  of  the  interelectrode  gap,  the 
switch  performance  drops  significantly.  This 
rather  dramatic  observation  requires  further 
3tudy  since  it  may  provide  some  fundamental 
information  on  the  development  of  multiple 
arc  discharges . 


TIME  OP  INJECTION  -ps 

Fig.  6  Time  delay  as  a  function  of  the  laser 
pulse  injection  time. 


Fig.  6  shows  the  dependence  of  the  time 
delay  measured  from  the  peak  of  the  laser 
pulse  to  the  start  of  switch  breakdown  (10? 
risetime  of  the  current  pulse  in  the  dummy 
load)  as  a  function  of  the  time  of  injection 
of  the  laser  pul3e  about  the  time  (T)  (def¬ 
ined  in  Fig.  3).  The  measured  standard 
deviation  Jitter  in  the  time  delay  (at  time 
(T))  is  only  -250  ps.  Furthermore,  the  small 
variations  in  the  time  delay  for  rather  large 
changes  in  the  injection  time  ensure  that 
even  poor  syncroni zat ion  (£  50  ns)  of  the 
laser  pulse  to  the  peak  of  the  PFL  voltage 
waveform  can  result  in  nanosecond  Jitter 
between  the  laser  pulse  and  switch  breakdown. 

Table  I  outlines  some  typical  performance 
characteristics  of  the  laser  triggered  rail- 
gap.  Two  gap  separations  (0.7  cm  and  l.U  cm) 
were  tested  over  a  voltage  range  of  30-100  kV. 


Table  I 


Typical  Performance  Characteristics  of 
the  Laser  Triggered  Uniform  Field  Electrode 
Sail-Gap 


Breakdown3  E/P 

L0  kV/cm-atm 

Channels / metre 

50-70 

/dt  )  Load 

-3  x 

1012  A/s 

Time  Delay  Jitter 

-250 

ps 

Switch  Losses 

-15* 

1  Switch  Prefire 

<  1* 

a0btained  for  a  1?  5F.-, 
mix. 

50*  S2, 

L9*  Ar  gas 

115 


As  expected  the  voltage  hold-off  for  a  fixed 
gas  pressure  (1.5  atm)  and  standard  gas  mix 
scales  linearly  with  the  electrode  separation. 
Experiments  with  the  3.7  cm  gap  demonstrated 
that  the  voltage  hold-off  also  scales 
linearly  with  gas  pressure  in  the  1.5  to  3 
atm  range  tested. 

The  switch  speed  as  measured  by  (^/dt)^ 
is  presently  limited  by  the  rather  high  self¬ 
inductance  of  the  rail-gap  (-10  nH)  and 
improvements  in  this  value  are  anticipated 
with  a  more  compact  switch  design.  A  rough 
estimate  of  the  switch  dissipation  was 
obtained  by  comparing  the  stored  energy  on 
the  PFL  (1/2  Cv2)  with  the  integrated  current 
and  voltage  waveforms  on  the  resistive  dummy 
load.  This  loss  amounts  to  -15 J  . 


Corona  Triggering  Experiments 

The  above  results  suggest  that  laser 
triggering  should  provide  a  powerful  and  eleg¬ 
ant  means  of  simultaneously  triggering  more 
than  one  rail-gap;  however,  to  trigger  a 
single  rail-gap  switch,  it  would  be  advanta¬ 
geous  to  avoid  the  complexity  of  requiring 
even  a  3mall  laser.  Therefore,  a  simple  and 
inexpensive  trigger  source  was  sought  which 
would  be  the  incoherent  uv  radiation  analogue 
to  laser  triggering.  In  particular  the 
source  should  produce  a  short  duration 
(<  10  ns)  pulse  of  very  uniform  uv  radiation 
that  can  be  formed  into  a  narrow  beam  to 
irradiate  a  positive  polarity  electrode.  A 
trigger  source  based  upon  a  corona  discharge 
was  designed  to  satisfy  these  requirements. 
Although  corona  triggering"  has  recently  been 
used  to  trigger  a  rail-gap  with  a  Jitter 
<  20  ns  the  corona  triggered  rail-gap 


described  in  this  paper  is  unique  in  the 
following  ways; 

-  the  switch  electrodes  are  of  uniform  field 
geometry . 

-  the  uv  radiation  is  confined  to  a  region 
near  the  positive  polarity  electrode. 

-  nanosecond  or  better  Jitter  and  high  voltage 
hold-off  switch  operation  is  demonstrated. 


Schematic  diagrams  of  the  corona  trigger 
assembly  are  shown  in  Fig.  7-  The  corona 
discharge  source  was  formed  as  a  capacitive 
element  from  two  -55  cm  long  copper  strips, 
which  were  offset  from  one  another  along 
their  width  and  which  sandwiched  a  thin 
(0.37  mm)  sheet  of  mylar.  A  500  pf  capacitor 
was  dc  charged  to  10  kV  then  rapidly  dis¬ 
charged  through  a  spark-gap  to  produce  a  fast 
burst  (5ns  FWHM)  of  uv  radiation,  originating 
from  a  glow  discharge  at  the  copper-mylar 
interface.  The  total  energy  stored  in  the 
500  pf  capacitor  was  -25  mJ .  A  -1  cm  dia¬ 
meter  glass  tube  with  a  1  an  slot  (Fig.  7 
( c )  )  served  to  produce  a  narrow  beam  of  uv 
radiation.  It  was  determined  that  the  beam 
width  at  the  positive  polarity  electrode  was 
-  3  mm . 

The  experiments  were  performed  with  an 
electrode  gap  separation  of  1.1  cm  and  with  a 
1.5  atm  pressure  standard  gas  nix.  The 
voltage  hold-off  capability  of  the  switch  was 
-75  kV.  Since  the  corona  trigger  assembly 
did  not  prevent  the  use  of  laser  triggering 
it  was  possible  to  obtain  a  direct  comparison 
of  the  two  techniques  on  consecutive  shots. 

When  the  core  'a  trigger  assembly  was 
first  inserted  into  the  switch  but  not  fired 
it  was  noted  that  the  laser  triggered  switch 
performance  was  poorer  than  that  obtained 
without  the  presence  of  the  assembly.  This 
behaviour  was  believed  to  be  the  result  of 
uncontrolled  corona  emission  at  the  glass 
tube  and/or  at  the  copper-mylar  interface 
which  occurred  during  the  charging  cycle. 

Such  uncontrolled  emission  of  uv  radiation 


Fig.  3  Corona  trigger  pulse  together  with 
the  voltage  across  a  matched  1  .1 
resistive  dummy  load  for  a  50  ns  long 
PFL  charged  to  75  kV . 


Fig.  7  Corona  trigger  assembly. 
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-rie;er  ensen’oie  as  i  r  as  possible  away  ires 
*::■?  stressed  eiee:r:  :■?  and  at  the  sane  time 
allowing  Tine  copper  electrodes  to  float  at 
the  mid-plane  potential  ,Fig.  T  a'  during 
the  F  F 1  t  h  a  r  g i n  g  cycle  improved  t  a e  laser 
triggering  perf jrsa:.:;  to  a  level  obtained 
without  the  insertion  -f  -he  corona  trigger 
ensemble.  rts  might  be  expected  such  steps 
also  resulted  in  a  significant  improvement  in 
the  corona  triggering  performance  ar.  i  when 
the  corona  discharge  was  initiated  at  the 
ores*  of  the  charging  cycle  the  following 
observations  were  made: 

-  Multichannel  (~25Jm  switch  break  town 
occurred  only  when  the  corona  discharge 
fired. 

-  Time  delays  and  ..’otters  as  well  as  the 
voltage  ,Fig.  3)  and  current  waveforms 
measured  or.  the  resistive  load  were  similar 
to  that  obtained  with  laser  *  r  i  •  ger  i  r.  g . 


loncluslons 

The  tec  .unique  of  laser  triggering  has 
seer,  usei  to  initiate  multichannel,  sub- 
nar.osecond  Jitter  breakdown  in  a  rail-gap 
consisting  of  two  uniform  field  electrodes. 
Similar  switch  performance  was  demonstrated 
-sing  a  simple  and  inexpe-.sive  triggering 
mechanism  based  upon  incoherent  uv  radiation 
generated  in  a  corona  discharge.  The  key 
experimental  considerations  wnioh  when 
taxen  together,  permitted  such  successful 
triggering  were: 

-  the  use  of  an  overpressured  mode  of  switch 
operation,  which  prevented  breakdown  in 
the  absence  of  a  trigger  pulse. 

-  tne  use  of  a  short  duration  pulse  of 
spatially  uniform  uv  radiation  timed  to 
occur  at  or  near  the  crest  of  the  ?F1 
vc - 1  age . 

-  tne  use  of  a  ij  SF^,  oOJI.'o,  u9S  Ar  gas  nix, 
which  promoted  multichannel  operation. 


However  the  number  of  channels  as  well 
as  the  operating  gas  pressure  range  were 
lower  than  that  observed  with  laser  trigger¬ 
ing  Provided  one  car.  make  ar.  analogy  bet¬ 
ween  laser  and  corona  triggering  then  the 
data  shown  in  Fig.  u  impiies  that  the  reduced 
performance  i 3  probably  the  result  of 
insufficient  uv  i llusi as’ i on .  Supporting 
evidence  for  1 h i 3  conclusion  was  obtained 
from  an  experiment  in  which  the  glass  tube 
sic-  width  (Fig.  *  o'  was  reduced  from 
l.u  to  Do  mm-  According  to  the  data  shown 
in  Fig.  5  a  narrower  uv  beam  should  improve 
the  switch  performance,  however,  the  number 
of  channels  actually  decreased  consistent 
with  the  insuff’eien-  uv  radiation  hypothesis. 
Since  the  pres*  .  corona  trigger  design  is 
far  from  being  cimioed  it  should  be  a 
relatively  straightforward  matter  to 
increase  the  intensity  of  the  source  and 
improve  the  switch  mui t i c hannel i ng . 


-  the  control  of  the  uv  illumination  to  a 

region  near  the  positive  polarity  electrode. 

The  low  values  for  the  switch  Jitter 
and  the  relative  ease  in  producing  multiple 
lasei  beams  makes  laser  triggering  an 
attractiv-  technique  for  simultaneously 
triggering  many  rail-gaps.  On  the  other 
hand,  the  simplicity  of  a  corona  triggering 
approach  makes  it  useful  for  triggering 
individual  rail-gaps.  Both  approaches 
incorporate  uniform  field  electrodes,  a 
feature  which  should  be  conducive  to  long 
switch  lifetime.  Furthermore  since  both 
trigger  mechanisms  are  capable  of  high 
repetition  rates,  the  uv  radiation  triggered 
rail-gap  switen  is  a  possible  candidate  for 
high  average  power  switching  applications. 


117 


References 


I  - 

1.  H.M.  von  Bergmann,  J.  Phy9.  E,  Sci. 

Inst rum. ,  Vol.  1£,  ?p .  2L3-2L7,  1932. 

2.  D.L.  Birx,  E.J.  lauer,  L.L.  Reginato, 

D.  Rogers  Jr.,  M.U.  Smith,  T.  Zimmerman, 
3rd  IEEE  International  Pulsed  Power 
Conference,  Albuquerque,  N.M.,  pp.  262- 
263,  1981. 

3.  Maxwell  Scientific  Laboratories,  San 
Diego,  Ca.  ,  private  communication. 

i*  .  G.R.  Neil  and  R.S.  Post,  Rev.  Sci. 

Instrum.,  Vol.  pp.  101-103,  1978. 

5.  H.  Meuth,  S.O.  fCnox,  E.  Sevillano  and 
F.L.  Ribe,  3rd  IEEE  International  Pulsed 
Power  Conference,  Albuquerque,  N.M., 

PP-  35-38,  1981. 

6.  R.S.  Taylor,  A.J.  Alcock  and  K.E. Leopold, 
3rd  IEEE  International  Pulsed  Power 
Conference,  Albuquerque,  N.M.,  pp.  157- 
160 ,  1981. 

7.  R.S.  Taylor,  A.J.  Alcock  and  K.E. Leopold, 
lkth  Pulse  Power  Modulator  Symposium, 

June  3-5,  Orlando,  Fla.,  pp.  32-37,  1980. 

i 

'  8.  D.B.  Cohn,  W.H.  Long,  Jr.,  E.A. 

Stappaerts,  M.J.  Plummer  and  J.B.  West, 
Rev.  Sci.  Instrum.,  Vol.  PP ■  253— 

255,  1982. 

9-  S.  Watanabe,  A.J.  Alcock,  K.E.  Leopold 
and  R.S.  Taylor,  Appl.  Phys.  Lett., 

Vol.  ^8,  pp.  3-6,  1981. 

10.  J,I.  Levatter,  K.L.  Robertson  and  S.C. 
Lin,  Appl.  Phys.  Lett.,  Vol.  ^2.>  PP. 
297-299,  1981. 

11.  H.  Watson,  IEEE  Transactions  on  Plasma 
Science,  Vol.  PS-8,  pp.  15U-159,  1980. 


US 


FUNDAMENTAL  PROCESSES  IN  HYDROGEN  THYRATRONS 

Shekhar  Guha,  Joseph  Kune,  Howard  Cole,  and  M.A.  Gundersen 

Departments  of  Electrical  Engineering  and  Physics 
SSC  420 

University  of  Southern  California 
Los  Angeles,  CA  90007 


Abstract 

The  results  of  a  study  of  electron 
excitation  processes  in  hydrogen 
thyratrons  are  reported.  Using 
spectroscopic  methods  with  extremely 
good  spatial  and  temporal  resolution  the 
electron  energy  and  density  in  the 
device  during  its  normal  operation  are 
measured.  These  data  are  applied  to 
study  the  molecular  excitation  processes 
in  the  device.  A  theory  of  thyratron 
operation  based  on  these  fundamental 
mechanisms  is  being  developed  to 
describe  the  steady-state  phase. 

Electron  densities  above  1013  cm-3 
were  measured  from  Stark  broadening  of 
hydrogen  Balmer  emission.  Current 
density  and  arcing  as  a  function  of 
electron  density  were  observed.  Average 
electron  energies  in  the  grid-anode  and 
grid-cathode  regions  during  the  steady- 
state  conduction  phase  were  observed  to 
be  uniform.  Evidence  is  presented 
suggesting  lower  values  for  average 
electron  energies  than  previously 
reported,  and  mechanisms  for  this  are 
discussed.  Data  is  presented  pertaining 
to  the  relative  roles  of  single  and 
multi-step  excitation  processes. 

Introduction 

To  develop  a  switch  with  more 
desirable  characteristics,  including 
higher  repetition  rate,  pulsed  current, 
rate  of  rise  of  current  and  stand-off 
voltage,  a  deeper  understanding  of  the 
nature  of  the  fundamental  processes 
taking  place  in  the  discharge  medium  is 
needed.  Although  the  physics  of  the 
thyratron  has  been  studied,'1-3' 
important  processes  taking  place  in  the 
discharge  medium,  such  as  those 
Involving  the  excited  atomic  and 
molecular  species,  details  of  energy 
transfer  processes  involving  excited 
species,  the  electron  energy 
distribution  function,  and  the  roles  of 
excited  molecular  and  atomic  species  in 
the  formation  of  atomic  and  molecular 
ions  are  generally  not  understood. 

The  hydrogen  thyratron  is 
characterised  by  several  features.  The 
pressure  of  the  gas  in  a  hydrogen 
thyratron  is  usually  maintained  around 
500  microns  (-2xl016  cm-3).  The  grid 
anode  spacing  is  usually  small  so  that 


the  tube  operates  essentially  on  the  low 
p-d  or  left-hand  side  of  the  hydrogen 
Paschen  curve.  The  small  grid-anode 
spacing  is  thus  used  to  achieve  higher 
stand  off  voltage,  and  this  also  reduces 
the  recovery  time. 

This  paper  reports  a  spectroscopic 
study  of  emission  from  commercially 
available  glass  enclosed  hydrogen 
thyratrons,  and  includes  observation  of 
the  formation  of  various  excited  atomic 
and  molecular  species.  Electron 
densities  during  conduction  were 
measured  from  Stark-broadened  Balmer 
linewidths.'^-®5  Average  electron 
energy  have  been  measured  and 
studied.'7'8'  Temporally  resolved 
studies  of  the  breakdown  of  the 
different  regions  of  the  thyratron  tube 
(the  grid-cathode  region  and  the  grid- 
anode  region)  as  a  function  of  applied 
voltage. '7' 

Experiment 

Fluorescence  data  were  obtained 
from  hydrogen  thyratrons  (ITT  5C22  and 
ITT  Kuthe  5949)  at  variable  repetition 
rates.  Fluorescence  was  collected  by  a 
lens  (f*7.5  cm),  and  focused  on  to  the 
slit  of  a  3/4  meter  spectrometer  (Spex 
1400)  by  a  second  lens  (f»15  cm).  The 
experimental  arrangement  of  spectroscopic 
studies  is  similar  to  that  described  in 
reference  6.  The  light  intensity  is 
measured  by  a  photomultiplier  (RCA 
C31034)  which  is  thermoelectrically 
cooled  to  -30°C  to  reduce  dark  noise  to 
a  few  pico-amperes.  The  photomultiplier 
output  was  fed  into  a  fast  transient 
digitizer  (Tektronix  7912AD)  for  time 
resolved  detection  or  into  a 
electrometer  (Keithley  610  BR)  when 
measuring  time  averaged  intensities.  A 
movable  aperture  placed  in  front  of  the 
tube  was  used  to  select  the  spatial 
region  from  which  light  is  collected. 

The  current  in  the  tubes  was  varied  from 
about  10  amperes  to  greater  than  500 
amperes  and  was  monitored  using  a  wide 
band  pulse  current  transformer  (Pearson 
Electronics).  Other  data  were  obtained 
using  standard  methods  as  indicated. 

Dlacuesion 

In  order  to  investigate  the 
possibility  that  an  atomic  or  molecular 
species  plays  a  role  in  recovery  the 
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tiae  delay  between  the  application  of  a 
voltage  pulse  to  the  grid  of  the  tube 
and  breakdown  in  grid  cathode  space  was 
measured  as  a  function  of  tiae  between 
pulses.  This  was  done  both  in  the 
presence  and  in  the  absence  of  an 
applied  anode  voltage,  it  was  observed 
that  for  a  given  anode  voltage,  the 
anode  region  breakdown  is  delayed 
relative  to  the  breakdown  of  the  grid 
region.  The  tiae  delay  is  seen  to 
decrease  with  increasing  repetition 
rate.  At  a  given  repetition  rate,  the 
delay  also  decreases  with  increasing 
grid  voltage.  The  noraal  operation  of 
the  5949  tube  was  limited  to  a  pulse 
repetition  rate  of  about  100  Hz  with  the 
anode  voltage  at  its  highest  allowed 
value  (20  kV) .  In  the  absence  of  the 
anode  voltage,  (for  observation  in  the 
grid  cathode  region)  the  frequency  could 
be  increased  to  5kHz,  above  which  the 
behavior  of  the  tube  becoaes  erratic. 

By  coaparing  these  data  with  hydrogen 
Balaer  eaission  intensity,  it  was 
observed  that  the  ratios  of  the 
intensities  of  the  various  Balaer  lines 
remain  constant  throughout  the 
conduction  period,  suggesting  a  near- 
equilibrium  condition  exists  for  the 
electron  energy  distribution  function 
during  the  steady  state  phase. 

In  hydrogen  the  region  of  negative 
glow  is  a  pale  bluish  color  whereas  the 
positive  column  is  pink.  Onder  normal 
operation  only  the  region  very  near  the 
thyratron  cathode  has  the  characteristic 
blue  color  of  the  negative  glow.  In  the 
remaining  part  of  the  tube,  both  in  the 
anode-grid  and  in  the  grid-baffle-grid 
region,  the  discharge  is  pink  in  color, 
indicating  that  the  positive  column, 
e.g.  the  region  of  electrical 
neutrality,  extends  on  both  sides  of  the 
grid.  This  observation  suggests  that 
the  cathode  double  sheath  is  ordinarily 
not  in  the  vicinity  of  the  grid.  A 
double  sheath  in  the  anode  region  was 
not  observed  under  normal  operation. 

The  measurement  of  the  ratio  of  the 
intensities  of  three  Balmer  lines  from 
the  different  regions  of  the  tube  during 
the  conduction  period  also  supports  this 
conclusion.  The  spectral  broadening  of 
the  Balmer  line  at  4861A  at  three 
different  currents  was  also  measured. 

The  instrumental  and  Balmer  line 
profiles  were  assumed  to  be  Lorentzian 
in  shape  and  the  actual  value  of  the 
Balmer  llnewidth  was  obtained  by 
subtracting  the  Instrumental  llnewidth 
from  the  measured  width  of  the  line. 


Bekefi^  has  plotted  the  variation  of 
the  electron  densities  in  a  plasma  as  a 
function  of  the  Stark  broadened  Balmer 
linewidtha,  from  which  we  obtain  the 
electron  densities  in  our  thyratrona  at 
different  currents.  The  electron 
density  thus  obtained  ranges  in  value 
from  3xlQ13  cm"3  to  2xl018  cm"3. 

At  high  repetition  rates  the 
behavior  of  the  tube  becomes  erratic, 
and  the  tube  starts  arcing, 
characterized  by  a  sharp  increase  of  the 
current  at  localized  spots  inside  the 
tube.  The  color  of  the  discharge  during 
the  arc  was  the  same  as  that  of  the 
positive  column  of  the  glow  discharge. 
The  transient  nature  of  the  arc 
prevented  the  measurement  of  the 
electron  density  during  the  arc  by 
measurement  of  Stark  broadened 
llnewidth,  but  it  may  be  anticipated 
that  it  is  considerably  higher.'5'  a 
molecular  emission  spectrum  obtained 
during  the  discharge,  showing  the 
formation  of  excited  metastable  c3  u 
state  is  shown  in  figure  2  of  reference 
6. 

In  reference  1  the  decay  of  the 
plasma  by  ambipolar  diffusion  to  the 
walls  and  electrodes  and  subsequent 
recombination  has  been  considered,  and 
time  constants  for  these  processes 
estimated.  The  repetition  rate 
limitations  at  high  current  suggest  that 
other  mechanisms  also  contribute  to  the 
decay  of  conductivity.  PJCJjm  time 
resolved  Balmer  emission'7'  it  may  be 
noted  that  the  upper  Balmer  state  takes 
several  hundreds  of  nanoseconds  to 
decay,  although  the  radiative  lifetime 
is  much  less.  The  observation  of  the 
atomic  and  molecular  spectra  suggest 
that  the  creation  of  the  excited  species 
during  conduction  is  important,  and  that 
the  role  of  the  long  lived  excited 
neutrals  in  increasing  the  decay  tiae  of 
the  plasma  is  therefore  worth 
investigating.  The  excited  molecular 
states  are  the  chief  source  of  negative 
ion  production,'7'8'  and  the  negative 
ions  affect  the  plasma  conductivity  as 
well  as  provide  a  source  of  free 
electrons  on  decaying. 

PlOCBMBa  AftBCtina  tfat  Electro^  Energy 
Distribution  Function 

The  degree  of  ionization  is 
relatively  large,  and  for  electron 
average  energies  of  order  1  ev,  the  e-e 
collision  frequency  will  be  larger  than 
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all  other  tlaatic  and  inalaatic 
colllalonal  frequencies.'0'  The  amount 
of  energy  transferred  during  e-e 
collisions  (energy  loss  factor)  is  on 
average  much  larger  than  for  electron- 
heavy  particle  collisions.  This 
suggests  that  the  electron  distribution 
function  mill  be  near  Maxwellian  if  the 
influence  of  inelastic  collisions  and 
the  plasma  field  is  small. 

The  inelastic  electron-neutral  (e- 
n)  processes  that  have  considerable 
cross  sections  in  the  energy  range 
mentioned  above  are  rotational  and 
vibrational  excitation  of  the  hydrogen 
molecule  by  electron  impact.  The 
rotational  excitation  energy  thresholds 
are  the  order  0.01  eV  and  the 
appropriate  threshold  for  vibrational 
excitation  is  0.52  eV.  The  threshold 
energies  for  other  inelastic  processes 
are  much  larger.  The  appropriate  cross 
sections  for  these  inelastic-processes 
are  of  the  order  of  10~10  car  and  thus 
remarkably  lower  than  those  for  elastic 
e-e  and  e-n  collisions  at  the  impact 
energy  of  the  order  of  1  eV.  However# 
rotational  and  vibrational  excitation  of 
molecular  hydrogen  can  produce  a  large 
departure  of  the  electron  distribution 
tail  from  its  Maxwellian  form  in  weakly- 
ionized  plasmas  (X  <  1Q“4),  but  does  not 
cause  significant  deformation  of  the 
lower  energy  range  form  of  the 
distribution  function.'-5'  Forthe 
plasma  considered  here  (X  -  10  *),  e-e 
collisions  will  largely  neutralize  the 
influence  of  Inelastic  collisions, 
causing  a  tendency  of  the  electron 
distribution  to  be  Maxwellian  over  most 
of  the  energy  range.  In  addition,  the 
electron  thermalization  time  is  more 
than  two  orders  of  magnitude  lower  than 
the  time  of  the  entire  discharge. 

An  additional  factor  that  can  cause 
a  significant  deviation  of  the  electron 
distribution  function  from  a  Maxwellian 
form  is  a  strong  plasma  field.  The 
measurements  cited  above  suggest  that 
the  electric  field  during  the  steady- 
state  stage  of  the  discharge  is  of  the 
order  of  10  V  cm-1  whereas  the  electron 
temperture  is  of  the  order  of  1  eV. 
Assuming  these  values,  the  critical 
plasma  field  is  about  one  order  of 
magnitude  smaller.'8’  This  indicates 
that  the  plasma  field  is  not  strong  and 
that  the  Influence  of  collisions  on  the 
plasma  behavior  should  be  more  important 
than  the  electric  field.  Summarizing 
the  above  discussion,  inelastic 


collisions  such  as  rotational  and 
vibrational  molecular  hydrogen 
excitation  should  not  produce  a 
significant  departure  of  the  electron 
distribution  function  from  a  Maxwellian 
form.  Thus,  the  assumption  of  Maxwell 
distribution  function  for  estimation  of 
electron  temperature  and  drift  velocity 
from  plasma  transport  equations  seems  to 
be  appropriate.  However,  it  should  be 
remembered  that  this  assumption  should 
be  used  very  carefully  for  the 
estimation  of  rates  with  large  threshold 
energies  (for  example,  electronic 
excitation  or  ionization). 

It  is  noteworthy  that  the  two 
inelastic  processes  (rotational  and 
vibrational  excitation)  the  vibrational 
excitation  3eems  to  be  more  important 
than  the  rotational  excitations,  despite 
the  fact  that  the  latter  has  a  much 
lower  threshold  than  the  former,  and 
both  have  comparable  values  of  maximum 
cross  sections.  This  results  from  the 
fact  that  for  temperatures  of  the 
neutral  normal  hydrogen  being  equal  to 
about  800?K  the  population  of  the  first 
five  rotational  levels  are  of  the  same 
order,  and  the  cross  sections  for 
processes  of  the  first  and  second  kind 
differ  little  in  absolute  value.  This 
is  very  different  in  the  case  of 
vibrational  excitation,  because  the 
population  of  the  first  vibrationally 
excited  level  is  about  two  orders  of 
magnitude  lower  than  the  population  of 
the  ground  state  and  the  appropriate 
first  and  second  kind  process  rates 
differ  significantly  from  each  other. 

The  maxima  of  the  0-1  energies  of  about 
3.5  eV  which  also  supports  neglecting 
the  influence  of  the  inelastic 
collisions  in  the  estimation  of  the 
electron  temperature  and  drift  velocity 
in  our  range  of  electron  energy. 

However,  the  average  contribution  of  the 
inelastic  processes  is  taken  into 
account  by  using  the  "effective"  energy 
loss  factor  instead  of  the  elastic 
collision  loss  factor. 

S.unmflm  And  cansluaiaa 

The  atomic  and  molecular  emission 
from  the  different  regions  in  glass 
enclosed  hydrogen  thyratron  tubes  have 
been  studied  spectroscopically.  The 
formation  of  excited  atomic  and 
molecular  species  have  been  observed  and 
various  mechanisms  which  contribute  to 
long  lived  ionization  processes  have 
been  discussed.  The  average  electron 
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energy  during  the  conduction  phase  is 
estimated  to  be  about  O.S  eV,  and  the 
average  electron  density  to  be  -10 
cm/sec.  The  temporal  behavior  of  the 
Balaer  eaisaion  intensities  show  that 
even  several  hundred  of  nanoseconds 
after  the  end  of  the  current  pulse,  the 
Balaer  transitions  are  taking  place. 
Because  of  the  lil'etiae  of  the  Balaer 
eaisaion  is  only  -20  nsec,  this 
deaonstratea  that  excited  atoaic  levels 
are  being  formed  after  the  conduction 
phase.  The  aechanisa  for  the  foraation 
of  these  excited  states  is  possibly 
through  the  long  lived  excited 
aetaatable  molecular  states. 

The  purpose  of  this  work  is  to 
provide  deeper  insight  into  thyratron 
operation  and  behavior,  through  an 
investigation  of  basic  physics.  This 
work  is  continuing,  and  a  more  clear  as 
well  as  thorough-going  review  will  be 
published  as  the  research  is  developed 
further . 

The  research  to  date  strongly 
suggests  that  a  auch  clearer  'picture* 
will  be  obtained.  In  addition, 
preliminary  studies  of  other  gases  in 
thyratrons  have  been  conducted  and  will 
be  available. 
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Abstract 


As  part  of  the  polarised  proton  experi¬ 
ment  on  the  AGS  at  Brookhaven  National  Lab¬ 
oratory,  a  requirement  has  arisen  for  a 
special  thyratron  device  to  switch  the  pulsed 
quadrupole  magnets. 

The  magnet  drive-current  waveform  con¬ 
sists  of  a  series  of  triangular  pulses  of 
alternate  polarity,  with  amplitude  increasing 
from  400A  in  the  first  pulse,  to  2.7kA  in 
the  last  pulse.  Pulse  ri3e-time  is  2us  with 
a  linear  fall  to  a  base  line  of  about  3ms. 
Over  3.5  Coulombs  are  switched  in  the  largest 
pulse.  The  pulse  series  is  repeated  every 
2.5  seconds  leading  to  an  average  switch 
current  approaching  4A. 

EEV  has  designed  a  special  thyratron  to 
switch  this  circuit,  and  built  a  suitable 
test  station. 


Introduction 


One  of  the  projects  in  progress  at  the 
Brookhaven  National  Laboratory  on  Long  Island, 
New  York,  uses  the  Alternating  Gradient 
Synchrotron  to  accelerate  polarised  protons 
to  an  energy  of  about  26  GeV.  This  work  is 
being  carried  out  in  conjunction  with 
Associated  Universities,  Inc. 

To  maintain  a  high  percentage  of  polari¬ 
sation  during  the  acceleration  cycle  it  is 
necessary  to  pass  as  quickly  as  possible 
through  the  intrinsic  resonances  caused  by 
the  horizontal  components  of  the  alternating 
gradient  fields  of  the  AGS.  Twelve  pulsed 
quadrupoles  will  be  used  to  jump  these 
Intrinsic  resonances  (1) 

The  eight  pulses  required  to  energise 
these  quadrupoles  are  of  triangular  form  and 
alternating  polarity  with  amplitudes  rising 
from  400A  to  2.7kA.  A  burst  of  pulses  is 
generated  once  every  2.5  seconds.  Figure  1 
shows  this  pulse  sequence.  The  circuit 
ie vised  at  Brookhaven  National  Laboratory  for 
producing  the  alternating  polarity  pulses  is 
shown  in  Figure  2.  It  consists  of  two  simi¬ 
lar  sub-circuits  feeding  current  into  the 


quadrupole. 
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Fig.  1.  Current  Pulse  Burst  for  Quadrupole. 
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Fig.  2.  Mirror  Image  Supply  for  Supplying 
Opposite  Polarity  Pulses. 

Circuit  Analysis  and 
Experimental  Procedure 

For  test  purposes  EEV  has  built  a  simp¬ 
lified  version  of  this  circuit  which  produces 
six  pulses  of  equal  amplitude  ,  three  posi¬ 
tive  Interlaced  with  three  negative,  into  a 
6uH  inductor  which  simulates  the  quadrupole 
(Figure  3). 


123 

CH178J-5/82/O0OO-OI23  $00.75  ©  1982  IEEE 


0-17UV  G-17WV 

-*•  • v# 


:*  ::.n 

4  -t  4” 

VI  V2  V3  Vt  . r 

.  Cl  D2  ... 

T*  **♦;*.'  ^.4..  r.u..  f 


U  -|if  0  25  13  I’S  y  L2 


3oft  2kA 

•wv  • 


-vWA  - 


Vt  to  V4«CX’1?4C 
II  to  16.  8K  7703 
01  4  02  S  4  oft  CX1SS1  r\  parallel 
11  IU  ■  320 pH  ; tor  2  SkA  tost! 
or  3  5mHlfor  250A  loot) 

1.3a  6pH(simulotM  quadrupotol 


Fig.  3.  EEV  Test  Circuit. 

Each  positive  2.5kA  pulse  is  generated 

as  follows 

1.  The  0.25uF  capacitor  between  V3  and 
V4  is  charged  to  +l7kV  and  the 

300uF  capacitor  connected  to  the  cathode 
of  ignitron  14  is  charged  to  -3kV. 

2.  Ignitron  14  is  triggered  resulting  in 
the  non- grounded  end  of  L2  dropping 
to  -3kV. 

3.  Current  builds  up  in  L2  with  a  sinusoi¬ 
dal  waveform  and  the  voltage  across  L2 
and  the  300uF  capacitor  falls  to  zero. 
This  takes  about  550usec  . 

4.  Just  after  the  current  maximum  of  2.5kA 
the  voltage  across  L2  has  passed  through 
zero  and  is  positive  going.  When  it 
reaches  about  +750V  thyratron  V3  is 
triggered. 

5.  The  0.25uF  capacitor  discharges  through 
L3  in  about  2:isec.  At  the  moment  the 
current  in  L3  reaches  its  maximum  of 
about  2.5kA  the  voltage  across  the 
capacitor  has  dropped  to  zero  so  that 
V4  now  has  +750V  on  its  anode  with 
respect  to  its  cathode. 

6.  V4  is  triggered  resulting  in  the  current 
in  L2  diverting  through  D2,  V4,  V3  and 
L3. 

7.  The  current  in  L3  and  L2  ramps  down  to 
zero  in  a  time  of  about  3.6  msec.  Since 
the  voltage  opposing  the  current  is 
mostly  due  to  the  arc-drops  of  V3,  V4 
and  D2  which  vary  very  little  with 
current  the  ramp  is  essentially  linear 


so  that  the  overall  current  waveform  in 
L3  is  triangular  with  an  amplitude  of 
2.5kA. 

Since  the  rate  of  fall  of  current  in  L2 
and  L3  is  constant  the  base  width  of  the 
pulse  is  proportional  to  its  initial  ampli¬ 
tude.  This  means  that  a  different  value  for 
L2  must  be  used  for  each  different  pulse 
amplitude  if  the  base  width  is  to  be  kept 
constant.  The  EEV  test  circuit  has  two  val¬ 
ues  of  L2  which  are  connected  into  the  cir¬ 
cuit  as  required  for  high  current  and  low 
current  tests. 

Figure  4  shows  an  oscillogram  of  the 
pulse  this  circuit  produces.  Both  thyratrons 
in  eacn  half  of  these  circuits  conduct 
throughout  the  duration  of  the  pulse  they 
switch  so  that  at  the  maximum  level  the 
charge  conducted  per  pulse  is  approximately 
4.0  Coulombs.  The  average  current  at  the 
burst  race  of  3  pulses  every  2.5secs  is 
thus  4.8A,  somewhat  higher  than  the  3.9a 
average  current  expected  in  service  in  the 
Brookhaven  modulators. 


Fig.  4.  Vertical  scale  400A  per  division 

Horizontal  scale  0.5msec  per  division 


To  produce  the  fast  current  rise  into 
the  6uH  inductor  load  a  voltage  of  17kV  is 
required  on  each  0.25uF  capacitor  before  the 
first  thyratron  switch  is  triggered.  At  the 
moment  of  switching  this  voltage  rises  across 
the  load  in  less  than  lOOnsec  and  it  is  also 
applied  across  the  adjacent  thyratron  in  the 
opposite  sub-circuit  as  a  positive  voltage 
step  between  anode  and  cathode.  To  meet 
these  rigorous  requirements  a  triple  grid 
tube  has  been  developed  at  EEV  (CX1174C). 

The  screen  grid  is  not  connected  internally 
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Co  Che  cachode  buc  broughc  ouC  Co  a  separate 
conneccion  so  providing  the  design  engineer 
a  whole  range  of  modes  of  use  in  a  variety  of 
pulse  circuits .  In  pulse  modulator  service 
with  pulse  widths  of  no  more  than  lOusec  it 
is  possible  to  connect  the  screen  direct  to 
the  cathode.  With  longer  pulses  this  is  not 
recommended . 

Ideally  the  screen  should  be  connected 
to  the  cathode  using  a  high  value  resistor 
(typically  lkfi)  which  limits  the  current 
flow  to  a  few  milliamps.  It  is  necessary 
to  bypass  this  resistor  with  a  low  inductance 
capacitor  which  acts  as  a  short  circuit  to 
the  fast  transients.  In  practice  a  low 
inductance  resistor  of  about  3  ohms  has  been 
used.  This  limits  the  screen  current  to 
acceptable  levels  and  still  allows  sufficient 
isolation  by  the  screen  grid. 


T1-U*Ht#h  veitag*  notation  putt*  transformer 


Fig.  5.  CX1174C  Trigger  Circuit 

The  trigger  circuitry  for  each  CX1174C 
is  shown  in  Figure  5.  A  high  voltage  isola¬ 
tion  pulse  transformer  is  necessary  because 
none  of  the  thyratron  cathodes  is  connected 
to  ground.  The  design  of  the  transformer 
for  V3  needed  most  care  because  it  is  sub¬ 
jected  to  the  17kV  fast  transient  whenever 
V2  fires.  This  causes  a  pulse  of  capacitive 
current  between  the  primary  and  secondary 
electrostatic  screens  and  the  connections  to 
the  latter  must  ensure  that  this  current 
flow  does  not  couple  to  the  ferrite  core  and 
thereby  cause  sufficient  output  on  the  secon¬ 
dary  winding  to  trigger  V3.  To  keep  leakage 
reactances  small,  the  numbers  of  turns  on 
the  windings  were  held  to  a  minimum  consistent 
with  effective  triggering.  The  final  design 
has  14  turns  on  both  primary  and  secondary 
and  has  a  ferrite  core  with  no  intentional 
air-gap.  This  core  saturates  about  1.5usecs 
after  the  start  of  the  pulse  and  is  reset  in 
the  interpulse  period  by  the  current  flowing 
in  the  primary  during  recharge  of  the  luF 
energy  storage  capacitor. 


The  two  triggering  grids  of  the  CX1174C 
are  driven  simultaneously  via  the  circuitry 
shown.  This  results  in  an  anode  delay  time 
which  is  typically  0.12usec  at  15kV  anode 
voltage  and  which  only  increases  by  about 
0.02usec  as  the  anode  voltage  is  reduced  to 
750V.  Jitter  is  less  than  5nsec  and  drift 
is  typically  lOnsec. 

Tests  on  the  new  tubes  show  that  they 
are  capable  of  switching  the  2.5kA,  3.6msec 
triangular  pulses.  Using  one  half  of  the 
test  circuit  two  thyratrons  have  run  for 
200,000  pulses. 


117kV 


Fig.  6.  Alternative  Test  Circuit. 

To  meet  other  requirements,  figure  6 
shows  an  alternative  circuit  which  now  has 
only  one  0.25uF  capacitor.  This  forms  part 
of  both  the  positive  and  negative  fast  front 
generators  and  has  to  be  charged  to  positive 
and  negative  potentials  alternately.  Simi¬ 
larly,  instead  of  two  separate  high  voltage 
power  supplies  only  one  is  needed  but  it  must 
be  capable  of  delivering  positive  or  negative 
outputs  on  demand.  The  two  thyratrons  V2  and 
V3  are  now  connected  in  inverse  parallel  and 
the  effect  of  triggering  either  of  them  is 
simply  to  collapse  the  voltage  across  all  the 
other  thyratrons. 

At  EEV  the  time  between  successive  puls¬ 
es  in  the  burst  is  set  at  50msec  because  this 
is  an  odd  number  of  half-cycles  of  the  power 
supply  frequency  of  50Hz .  This  allows  the 
trigger  generators  and  all  capacitor  charging 
power  supplies  to  be  phase  locked  to  the 
power  source  whose  half  cycle  time  of  10msec 
is  also  used  in  the  system  clock  pulse 
interval.  This  considerably  simplifies  the 
overall  system  design.  The  proposed  alter¬ 
nating  polarity  supply  for  the  0.25uF  capa¬ 
citor  is  shown  in  figure  7.  It  uses  a  pair 


Conclusion 


of  diode-pump  circuits  whose  output  diodes 
are  triggered  CX1551  thyratrons.  In  these 
tubes  the  grid  1  is  connected  to  a  positive 
dc  pre-ionising  supply  and  the  grid  2  is 
negatively  biassed  to  keep  the  tube  in  a 
non-conducting  state.  At  the  correct  time 
in  the  system  cycle  the  required  tube  is 
made  conductive  by  an  optically  coupled 
system  which  connects  the  grid  2  to  the  grid 
1  pre-ionising  supply. 


100|lH 


T01  &  TD2«  CX1551 
01  &  02  *22kV  P1V  1A  diodes 


We  have  developed  the  CX1174C  triple- 
grid  thyratron  for  operation  in  circumstances 
in  which  a  conventional  double  grid  thyratron 
has  proved  to  be  unsuitable.  The  circuit 
which  necessitated  the  development  of  this 
new  thyratron  and  which  has  been  used  to 
test  it  simulates  a  circuit  to  be  used  at 
Brookhaven  National  Laboratory  to  produce 
polarised  proton  beams. 
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Fig.  7.  Alternating  Polarity  Power  Supply. 
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Abstract 

A  dispenser-type  cathode  has  been  used  in  a  high 
average  power  hydrogen  thyratron.  The  tube  success¬ 
fully  cold-starts  and  runs  at  an  average  power  of  600 
KW  in  l-second  bursts.  It  has  also  cold-started  and 
run  CM  at  an  average  power  of  SO  KW. 

The  maximum  average  power  attainable  with  this 
tube  has  not  yet  been  determined,  but  is  expected 
to  be  around  1  MW  in  120-second  bursts. 

The  cathode  consists  of  a  large  number  of  vertical 
plates  of  barium  aluminate  impregnated  tungsten,  and  is 
4.5  inches  in  diameter  had  has  a  total  emitting  area  of 
600  cm2. 

Auxiliary  cathode  heater  power  was  required  only 
for  initial  activation.  As  the  thyratron  was  aged,  the 
cathode  heater  voltage  was  reduced  gradually  to  zero. 

Thereafter,  the  tube  could  be  restarted  with  no  cathode 
heater  power,  even  after  being  off  for  48  hours.  {The 
hydrogen  reservoir  is  of  the  standard  titanium  hydride 
type,  and  requires  auxiliary  heater  power  for  opera¬ 
tion.) 

In  addition  to  their  instant-start  capability, 
dispenser  cathodes  can  sustain  several  times  the 
current  density  of  oxide-coated  cathodes  without 
arcing.  When  arcing  finally  occurs,  it  does  not  destroy 
tne  dispenser  material.  It  is  therefore  possible  to 
construct  compact,  ultra-low  inductance,  high  current 
cathodes  that  can  sustain  severe  overloads  for  extended 
periods.  Such  cathodes  are  presently  being  developed 
for  2-,  3-,  and  4.5-1nch  diameter  thyratrons. 

Figure  1.  HY-7  Megawatt-Average-Power  Thyratron. 

Introduction 

Surface  and  forms  a  monolayer  which  substantially 
lowers  the  surface  resistance  of  the  cathode.!4) 
This  monolayer  enables  the  initiation  of  a  thyratron 
discharge  even  after  the  cathode  returns  to  room 
temperature.  Furthermore,  the  low  surface  resistance 
(around  0.1  ohm-cm2) perml ts  substantial  current  densi¬ 
ties  to  be  sustained  without  arcing,  thus  allowing  high 
peak  -urrcnts  from  relatively  compact  cathodes.  We 
typica  ly  obtain  up  to  80  to  100  araperes/cm2  at  room 
temperature,  and  over  200  amperes/cm2  at  a  few  hundred 
degrees  Centigrade  without  arcing.  By  contrast, 
oxlde-coatso  cathodes  have  a  surface  resistance  of  2  to 
10  ohm-cm2  at  room  temperature,  and  arc  on  almost 
every  shot. 

An  additional  advantage  of  dispenser  cathodes 
is  that,  unlike  oxide-coated  cathodes,  they  are  not 
degraded  or  s fgnl f icantly  damaged  by  accidental 
arci  ng. 

In  1979,  EGSG  developed  2-1nch  diameter  dispen¬ 
ser  cathode  thyratrons  which  started  repeatedly  at  room 
temperature,  and  could  be  run  continuously  with  no 
cathode  heater  power  other  than  thet  supplied  by  the 
discharge  Itself  (Figure  2).  These  tubes  operated  at 
20  KV,  500  A  peak  current  and  10  KW  DC  average  power. 
Their  operating  characteristics  (including  anode  delay, 
jitter,  and  life)  were  comparable  to  those  of  con¬ 
ventional  2-inch  diameter  thyratrons.  The  dispenser 


Most  hydrogen  thyratrons  utilize  thermionic 
oxide-coated  cathodes.  These  cathodes  need  to  be 
operated  at  temperatures  above  800°C,  and  they  arc 
at  current  densities  exceeding  10  to  30  amperes/  cm2. 
The  resulting  auxiliary  heater  power  and  surface  area 
requirements  become  onerous  when  high  peak  currents  are 
desired.  For  example,  the  EG&G  megawatt  average  power 
HY-7  thyratron  (40  KA  peak  current)  requires  over  1  KW 
of  cathode  heater  power.  The  cathode  takes  up  almost 
one-third  of  the  tube  volume,  and  is  responsible  for 
much  of  its  inductance  (Figure  1).  In  addition,  the 
cathode  warmup  time  is  almost  20  minutes. 

Clearly  significant  incentives  exist  for  develop¬ 
ing  a  compact  cathode  that  can  operate  without  auxil¬ 
iary  heater  power.  We  have  been  investigating  the 
use  of  dispenser-type  cathodes  for  this  purpose.  Such 
cathodes  have  been  used  in  thyratrons  by  British  and 
Russian  workers,  and  emission  current  densities  of 
30  amperes/cm2  have  been  obtained  from  these  cathodes 
in  high-voltage  electron  guns  at  Avco-Everett.  (1,2,3) 
However,  in  all  these  applications  the  cathodes 
were  external  ly  heated  to  thermionic  temperatures, 
j  Dispenser  cathodes  are  made  from  a  porous  tungsten 

atrix  filled  with  barium  aluminate,  and  sometimes 
calcium  oxide  as  well.  Emission  results  from  the 
chemical  formation  of  free  barium  at  elevated  tempera¬ 
tures  (800  to  1200*0).  The  barium  migrates  to  the 
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cathode  tubes  relied  on  power  from  the  discharge  to 
keep  the  bulk  cathode  temperature  high  enough  to 
maintain  activation  (that  Is,  the  generation  of  free 
barium);  hence  the  term  "plasma -heated  thyratron. "(*) 


ANODE 

-CONTROL  GRID 
AUXILIARY  GRID 
CATHODE  BAFFLE 
•HELICAL  CATHODE 


Figure  2.  10  KW  Average  Power  Dispenser  Cathode 

Thyratron.  The  cathode  was  a  helical  coll  of 
dispenser  material. 


Subsequent  experiments  showed  that  cold-start 
capability  and  significant  life  could  be  achieved 
without  having  to  maintain  high  bulk  cathode  tempera¬ 
tures.  For  example,  the  “arch-cathode"  tube  of  Figure 
3  repeatedly  cold-started  and  operated  for  several 
hundred  hours  even  though  temperature  measurements 
(made  by  measuring  the  volume  resistance  of  the 
cathode)  showed  that  the  bulk  cathode  temperature 
during  CM  operation  never  exceeded  400°C.  Excellent 
performance  was  also  obtained  well  below  activation 
temperatures  with  a  3-1 nch  diameter  thyratron  using  the 
"plate-cathode*  shown  In  Figure  4;  the  operating 
characteristics  of  this  tube  are  compared  with  those  of 
Its  oxide-cathode  counterpart  In  Table  1. 


Figure  4.  "Plate-Cathode"  for  3-Inch  Diameter  Thyra- 
trons.  The  plates  are  1  inch  x  0.5  Inch  x  0.1 
inch,  and  are  copper  brazed  to  a  nickel  base.  The 
cathode  baffle  acts  as  a  heat  shield,  and  blocks 
evaporating  nickel  and  barium. 


Table  1.  Comparison  of  3-lnch  Diameter  Dispenser  and 
Oxide-Coated  Cathode  Thyrstrons. 


Characteristics 

Oxide 

Cathode 

Dispenser 

Cathode 

Cathode  Heater  Power 

100  W 

Zero 

Hydrogen  Pressure 

450  u 

450  u 

Anode  Voltage 

25-30  KV 

30  KV 

Peak  Current 

1.5-2  KA 

1.5  KA 

DC  Average  Current 

1.5-2  AOC 

2  ADC 

Keep-Alive  Current 

50-200  mA 

50  mA 

Jitter 

2  ns 

2  ns 

Anode  Delay  Time 

50-100  ns 

40  ns 

The  ability  of  dispenser  cathodes  to  operate  for 
long  periods  at  relatively  low  bulk  temperatures 
(surface  temperatures  may  still  be  high,  as  discussed 
below)  Is  significant  because  It  greatly  reduces  the 
constraints  on  cathode  design  and  thyratron  operation 
that  high  temperature  operation  would  otherwise  have 
Imposed. 

Meanwhile,  scaling  of  the  peak  current  arc  limit 
with  cathode  area  was  confirmed  by  testing  a  tube 
having  an  80-cm2  dispenser  cathode.  This  cathode 
consisted  of  a  large  number  of  arch-shaped  pieces 
(Figure  2),  and  had  an  order  of  magnltuae  larger  area  / 
than  any  previous  dispenser  cathode.  Oata  obtained  ^ 
with  this  tube  established  80  to  100  amperes/cm*  as  a  - 
good  working  value  for  the  low  temperature  arc  limit 
current  density,  independent  of  cathode  size,  geometry, 
and  peak  current. 
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With  the  above  results  In  hand,  a  cold-start 
version  of  the  8-1nch  diameter  HY-7  megawatt  average 
power  thyratron  was  constructed.  This  tube,  designated 
HY-7312,  Is  described  in  detail  in  the  next  section. 
Test  results  follow. 

Next,  the  physical  mechanism  responsible  for  the 
high  emission  current  densities  obtained  with  dispenser 
cathodes  in  thyratrons  is  discussed.  Implications  of 
this  mechanism  for  thyratron  operation  will  also  be 
di  scussed. 

We  then  conclude  with  a  description  of  our  plans 
for  future  device*  in  which  di spenser-type  cathodes  can 
be  used  to  advantage. 


Dispenser  Cathode  Megawatt  Average  Power  Thyratron 

The  dispenser  cathode  megawatt  average  power 
thyratron  is  designed  to  operate  at  40  KV  peak  anode 
voltage,  40  KA  peak  current,  120  Hz  pulse  repetition 
rate,  and  10  us  pulse  width  in  2-minute  bursts.  The 
envelope  is  a  compact,  lightweight  version  of  the  HY-7; 
its  dimensions  are  compared  with  the  HY-7  in  Figure  5. 


MAPS-40/HY-7 
WEIGHT  47  LBS 

LENGTH  13' 

OIA.  (CERAMIC)  8' 


INSTANT  START 
THYRATRON  SWITCH 
WEIGHT  25  LBS 

LENGTH  9' 

OIA.  (CERAMIC)  7-3/4' 


The  HY-7312  cathode  (Figure  6)  consists  of  a  large 
number  of  vertical  plates  copper  brazed  to  a  4.5-1nch 
diameter  nickel  base.  The  plates  are  made  from  a 
pressed  and  sintered  mixture  of  tungsten  powder,  barium 
aluminate,  and  nickel.  Such  a  mixture  is  commonly  used 
in  cathodes  for  ES4G  flashtubes.  Barium  is  released  by 
the  reaction 


2(3BaO:  :A1 2O3)  +  W-BaHO*  +  aBaAl^*  +  3Ba. 

DISPENSER 
CATHODE  PLATES 
(COPPER  BRAZED 
TO  NICKEL  BASE 


Figure  5.  Comparison  of  HY-7  and  HY-7312  Thyratrons. 
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Figure  6.  HY-7312  Megawatt-Average-Power  Dispenser 

Cathode. 


Nickel  constitutes  about  IX  of  the  mix  by  weight, 
and  serves  as  the  binder  in  the  sintering  process,  thus 
permitting  sintering  to  be  carried  out  well  below  the 
sintering  point  of  tungsten,  where  the  barlun  aluminate 
would  boll  off. 

The  cathode  plates  are  0.5  Inch  high  x  0.1  inch 
thick,  giving  a  total  emitting  area  of  600  cm2.  A 
peak  current  of  40  KA  therefore  corresponds  to  a  con¬ 
servative  67  amperes/cm2. 

Heat  for  the  cathode  is  supplied  primarily  by  the 
passage  of  RMS  electron  current.  In,  through  specific 
resistance,  Rg.  The  power  contributed  Is  Ip2  Ro/a, 
where  "a"  is  the  cathode  surface  area.  Using  HY-7 
ratings  (Table  2),  Ip2  »  (40  KA)2  x  125  Hz  x  10*5  sec. 
Ro  is  less  than  the  room  temperature  value  0.1  ohm-on2- 
Using  these  values  gives  an  upper  value  of  330  watts. 

Some  additional  power  Is  supplied  by  plasm*  Ions 
accelerated  through  the  cathode  sheath.  From  Lang¬ 
muir!®),  the  average  space-charge  limited  ion  current 
Is  approximately  1/60  the  average  electron  current 
(1/60  being  the  square  root  of  the  electron/deuterium 
mass  ratio).  Since  the  average  electron  current  Is  40 
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amperes,  the  ion  current  is  0.67  ampere.  Multiplying 
by  a  typical  thyratron  cathode  sheath  drop  of  20 
volts  gives  only  13  watts.  This  is  probably  an  under¬ 
estimate,  because  the  grid-cathode  voltage  drop  in 
dispenser  cathode  thyratrons  is  larger  than  in  con¬ 
ventional  thyratrons  by  50  to  100  volts.  However, 
even  if  all  the  additional  voltage  is  attributed  to 
the  sheath,  the  ion  bombardment  power  is  still  on  the 
order  of  only  100  watts. 

The  power  contributed  by  volume  resistive  heating 
of  the  cathode  is  negligible  due  to  the  large  cross- 
sectional  area  and  short  length  of  the  cathode. 

Thus,  the  total  discharge  power  going  to  heat  the 
HY-7312  cathode  is  at  most  about  400  watts,  as  compared 
to  the  more  than  1  KM  of  auxiliary  heater  power  used  in 
the  oxide  cathode  HY-7.  Since  the  HY-7  cathode  oper¬ 
ates  near  800*0,  the  HY-7312  cathode  must  be  sub¬ 
stantially  cooler  and,  therefore,  far  below  activation 
temperatures.  Oespite  this,  startup  and  operation  of 
the  HY-7312  with  no  auxiliary  cathode  heater  power  has 
been  achieved  as  expected,  as  described  in  the  next 
section. 


Operating  Characteristics  of  the  HY-7312  Dispenser 
Cathode,  Megawatt  Average  frower  Thyratron 

The  HY-7312  has  been  operated  CM  at  EG4G,  and  in 
burst  mode  at  ERADCOM.  under  the  conditions  listed 
in  Table  2.  Thus  far,  the  average  power  attainable  has 
been  limited  by  the  test  apparatus,  and  not  by  the 
HY-7312.  This  average  power  has  been  SO  KM  CM,  and  up 
to  600  KM  in  1-second  bursts. 


Table  2.  Operating  Characteristics  of  HY-7312  Oispen- 
ser  Cathode  Megawatt-Average-Power  Thyratron. 


HY.7 

HY-7312  (to  oatal* 

Characteristics 

Max.  Ratines 

CM 

Sorat 

C*t hod*  H#4ttr  Power 

l  km 

Zero 

Zero 

Hydro?**  Pressure 

300  u 

300  u 

300  u 

Anode  Volta?* 

40  KV 

40  KV 

30  KV  (40  KV) 

Pt«k  Current 

SO  KA 

2.4  KA 

30  KA  (20  KA) 

X  A v«ra?e  Current 

SO  AX 

2.S  AX 

18  AX  (30  AX) 

Puls*  Repetition  Rat* 

US  Hz 

4  IS  H* 

30  Hz  (75  Hz) 

Pulsewldth 

10  US 

2.5  us 

20  us 

X  *utr«9*  Power 

l  m 

SO  KM 

270  KM  (600  KM) 

Jitter 

<10  ns 

2  ns 

Not  Measured 

Anode  0*1  «y 

<200  ns 

SO  ns 

Not  etesured 

Anode  Delay  on  ft 

<100  ns 

100  ns 

Not  eeesurod 

Keep-Alive  Current 

40-500  eA  X 

SO  aA  X 

SO  *A  X 

•erst  Tie* 

120  sec 

- 

1  sec 

Off  Tie* 

300  sec 

5  sec  (10  sec) 

*  rx«t«  ara  sinttMcoMf  >atm,  <M  <r*  Mtt-att  Malta*.  Tht y  art 
net  aaalaaa  tut*  ratines.  Valuta  art  five*  for  attratlat  it 
ToMa  (2-ota)  kltt. 


Initial  aging  of  the  HY-7312  was  done  CM  at  EG&G, 
with  the  cathode  heater  on.  The  tube  attained  its 
rated  maximum  anode  voltage  of  40  KV  after  approximate¬ 
ly  8  hours  of  41S  Hz  operation  in  a  30-ohm  test  Kit, 
after  which  the  cathode  heater  voltage  was  reduced 
gradually  to  zero  over  a  period  of  a  few  more  hours. 
The  control  grid  was  monitored  continuously  for  signs 
of  arcing,  as  evidenced  by  erratic  fluctuations  or 


sudden  drops  in  the  control  grid  voltage.  Mhen  these 
were  observed,  the  anode  voltage  was  reduced  for  a  few 
minutes,  until  it  could  be  raised  again  without  causing 
arcing.  As  the  tube  aged,  the  grid-cathode  drop 
decreased  from  over  1500  volts  to  around  800  volts. 

In  all  other  respects,  aging  of  the  HY-7312 
proceeded  in  essentially  the  same  manner  as  a  standard 
oxide-cathode  HY-7. 

Once  aged,  the  HY-7312  was  successfully  slapped-on 
over  50  times  at  the  40  KV-50  KM  OC  level,  with  no 
cathode  heater  power.  The  slap-on  tests  were  conducted 
over  a  period  of  days,  with  off-times  ranging  from  a 
few  seconds  to  12  hours. 

After  24  hours  of  CM  operation  at  50  KM  OC  average 
power,  the  HY-7312  was  installed  in  a  1-ohm  Kit  at 
ERADCOM  for  testing  at  the  megawatt  average  power 
level.  There,  the  tube  has  been  successfully  slapped- 
on,  with  no  cathode  heater  power,  after  being  off  for 
as  long  as  48  hours.  The  limits  of  tube  performance, 
expected  to  be  comparable  to  those  of  the  HY-7  (Table 
2),  have  yet  to  be  attained;  test-kit  modifications  to 
achieve  this  are  in  progress. 

Discussion 

The  physical  mechanism  of  cathode  emission  and  its 
implications  for  thyratron  life  and  reliability  are  now 
discussed. 

The  most  noteworthy  aspects  of  dispenser  cathode 
operation  in  thyratrons  are  that  1)  the  cathodes  emit 
without  arcing  even  when  they  are  at  bulk  temperatures 
well  below  that  required  for  activation,  and  2)  the 
emission  current  densities  in  thyratrons  are  several 
times  those  observed  in  vacuum  (80  to  100  amperes/cmz 
as  compared  to  10  amperes/cmz  in  vacuum). 

Conventionally,  the  liberation  of  free  barium  and 
its  migration  to  the  surface  Is  sustained  by  keeping 
the  cathode  at  temperatures  around  1000°C  or  higher. 
Me  have  shown  that  the  bulk  temperature  of  cathodes  In 
our  recent  cold-start  tubes  cannot  be  more  than  a  few 
hundred  degrees  Centigrade.  Therefore,  electron 
emission  Is  undoubtedly  being  sustained  by  the  action 
of  the  discharge  at  the  cathode  surface.  This  action 
probably  Involves  Intense  local  heating,  plus  Schottky 
emission  via  the  high  electric  fields  in  the  plasma 
sheath. V »8) 

Cathode  sheath  electric  fields  can  reach  hundreds 
of  KV/cm,  easily  producing  an  order  of  magnitude 
Increase  In  emission  over  the  zero-field  saturation 
level.  This  is  demonstrated  In  detail  in  the  Appendix. 

As  for  the  effect  of  local  heating.  It  Is  signifi¬ 
cant  that  surface  analysis  (via  electron  dispersive 
spectroscopy-EDS)  of  un-actlvated  cathode  plates 
revealed  spots  of  free  barium  precisely  opposite  those 
places  where  the  plates  had  been  tack-welded  to  their 
nickel  base  In  preparation  for  brazing.  This  demon¬ 
strates  clearly  that  brief,  highly  localized  bursts  of 
heat,  such  as  occur  under  discharge  conditions,  can 
Indeed  activate  the  cathode. 

The  cathode  emission  mechanism  described  above 
has  certain  implications  for  thyratron  cold  startup 
capability  and  life. 

First,  the  cathode  must  be  activated  before  the 
thyratron  Is  turned  on  for  the  first  time.  Otherwise, 
it  will  either  fall  to  comnutate,  or  will  arc,  usually 
to  the  cathode  baffle  or  supporting  structure.  This 
behavior  has  occurred  In  Isolated  cases,  but,  in 
general,  the  same  procedure  used  to  activate  oxide- 
coated  cathodes  has  provided  reliable  Initial  startup. 

Second,  the  extent  of  cathode  activation  via 
local  discharge  heating  must  be  sufficient  to  allow 
the  tube  to  be  cold-started  after  it  has  been  off 
for  some  indefinite  period.  Here  our  results  have 
been  erratic.  The  2-1nch  diameter  tubes  with  relative¬ 
ly  small,  thermally  well  Isolated  cathodes  (Figures  2 
and  3),  cold-started  reliably  throughout  life.  Thus 


far,  the  HY- 7312  has  only  been  operated  at  anywhere 
near  its  rated  average  power  for  a  few  hours,  so  It  Is 
too  early  to  assess  Its  reliability.  Our  experience 
thus  far  with  experimental  tubes  (mostly  3-  and  4-1/2- 
i nch  diameters)  has  been  that,  although  they  can 
run  CW  with  no  auxiliary  cathode  heater  power  for 
hundreds  of  hours,  they  become  progressively  harder  to 
cold-start  after  only  a  few  tens  of  hours,  and  begin 
requiring  short  periods  of  auxiliary  cathode  heater 
power  to  reestablish  commutation,  (The  possibility 
that  excessive  gas  cleanup  was  causing  this  problem  was 
investigated,  but  pressure  measurements  showed  this 
not  to  be  the  case.) 

Clearly,  further  improvement  is  needed  in  either 
the  thermal  design  of  the  cathodes,  the  initial  acti¬ 
vation  procedure,  the  cathode  material  Itself,  or  all 
three. 

While  the  larger  dispenser  cathodes  can  certainly 
be  designed  to  run  hotter,  it  would  be  more  advanta¬ 
geous  if  the  necessity  for  this  could  be  avoided  by  use 
of  better  activation  procedures  and  cathode  materials. 

Under  our  present  activation  schedule,  the 
cathodes  are  held  at  around  1000°C  for  about  1  hour. 
The  activation  thus  achieved  is  probably  marginal; 
1200°C  for  several  hours  would  be  more  in  keeping  with 
standard  practice  for  dispenser  cathodes. 

Regarding  the  cathode  material,  it  is  known  that 
the  type  used  in  the  3-1  nch  diameter  tubes  and  in  the 
HY-7312  has  drawbacks.  It  was  used  primarily  because 
of  its  ready  availability,  low  cost,  and  the  ease  with 
which  it  could  be  brazed  to  supporting  structures. 
However,  the  absence  of  calcium  oxide  in  the  formula¬ 
tion  significantly  reduces  its  emission  capability!®), 
and  the  nickel,  while  it  facilitates  sintering  and 
brazing,  tends  to  seep  into  and  block  the  pores  through 
which  free  barium  migrates.  SEN  studies  have  shown 
that  this  "nickel  poisoning"  was  a  substantial  factor 
in  the  failure  of  at  least  one  thyratron  to  date.  The 
cathodes  used  in  the  2-1 nch  diameter  tubes  were  made 
from  pure  pressed  tungsten,  impregnated  with  a  mixture 
of  barium  and  calcium  alumlnate  after  sintering. 
Cathodes  of  th’S  type  are  known  to  provide  higher 
emission,  and  to  be  less  susceptible  to  poisoning. 

Future  Application  of  Dispenser 
Cathode  Thyratrons 

Dispenser  cathode  thyratrons  are  expected  to  find 
significant  applications  In  areas  where  reduced  weight 
and  volume  are  desired,  since  cathode  heater  supplies 
and  isolation  transformers  will  not  be  needed.  The 
larger  the  thyratron,  the  greater  the  advantage.  EGSG 
is  therefore  continuing  to  develop  dispenser  cathode 
models  of  the  HY-7  megawatt-average-power  thyratron, 
including  a  double-ended  version  for  use  where  high 
inverse  voltages  are  present  and  reverse  conduction  is 
desired.  By  making  the  anode  from  dispenser  material, 
emission  from  the  anode  might  be  sufficient  to  estab¬ 
lish  reverse  conduction  in  a  nondestructive  glow  mode. 

The  elimination  of  auxiliary  heater  power  would 
also  be  a  boon  In  applications  involving  large  numbers 
of  intermediate-size  thyratrons,  such  as  accelerators 
and  large  laser  systems.  Therefore,  we  are  also 
developing  dispenser  cathode  thyratrons  in  the  HY-5 
size  (4.5  Inches  diameter,  5  KA  peak  current),  and  the 
1802  size  (3  i  Ues  diameter,  1.5  KA  peak  current). 

The  high  current  densities  obtainable  from  dispen¬ 
ser  cathodes  make  them  potentially  important  in  fast 
pulse,  low-inductance,  high-peak  current  applications. 
EG6G  is  presently  developing  a  number  of  multi-stage 
thyratrons  for  applications  requiring  pulse  lengths  on 
the  order  of  100  nsec,  switch  inductances  of  50  nH,  and 
beak  currents  in  excess  of  10  KA.  Oxide-coated  eath- 
Jdes  are  poorly  suited  for  this  regime  because  the 
large  surface  area  required  necessitates  tall,  multi- 
vaned  structures.  These  structures  not  only  have  high 


Inductance,  but  suffer  from  short  life  due  to  the  porw* 
accessibility  of  much  of  their  surface  to  the  dis¬ 
charge.  When  pulse  lengths  are  short,  the  discharge 
simply  does  not  have  time  to  penetrate  far  Into  the 
structure,  resulting  In  over-utilization  of  the  vane 
tips  and  rapid  destruction  of  the  emissive  coating 
there.  8y  contrast,  dispenser  material  can  emit  5  to 
10  times  as  much  current  per  unit  area  when  hot,  thus 
enabling  us  to  construct  shorter  cathodes  having  lower 
Inductance  and  more  uniform  utilization.  The  high 
current  density  capability  of  dispenser  cathodes  will 
make  them  extremely  useful  in  these  applications 
regardless  of  whether  or  not  practical  cold-start 
operation  is  realized. 
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Appendix  on  Schottky  Emission 

In  thyratrons,  much  of  the  voltage  drop  In  the 
grid-cathode  region  occurs  across  a  cathode  sheath 
roughly  a  Debye  length  thick.  This  results  in  a  very 
high  electric  field  at  the  cathode  surface.  Under 
these  conditions,  the  cathode  emission  current  density, 
J,  is  enhanced  over  its  "zero-field*  value,  J0,  in 
accordance  with  the  Schottky  formula, 

j  *  j0  exp  (o.44  yTTn 

where,  E  is  the  electric  field  in  volts/meter;  T  is 
the  cathode  surface  temperature  in  OR.(^) 

The  value  of  E  depends  on  the  sheath  voltage  drop, 
V,  and  the  Debye  length,  d,  according  to 

E  *  V/d 

where 

d2  .  e0KTp/ne2 


with  Tp  and  n  being  the  plasma  temperature  and  density, 
respectively .  In  thyratrons,  KTp/e  is  typically  3 
electron  volts,  and  n  can  be  as  high  as  102(mr3,  par. 
ticularly  near  the  cathode  where  vaporized  material  (in 
this  case,  barium)  contributes  to  the  plasma  density. 
For  dispenser  cathodes,  measurements  point  to  V  being 
on  the  order  of  100  volts,  giving  E  *  7.8  x  107  volts/ 
meter;  therefore,  J/J0  »  20  for  T  »  1300°K. 

Detailed  experimental  verification  of  the  validity 
of  Schottky  theory  for  dispenser  cathodes  in  gas 
discharges  is  pr  >d  in  Speros  et  al.(') 
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Abstract 


The  Geel  Electron  Linear  Accelerator 
(GELINA)  provides  very  incense  short  bursts 
of  electrons  which  are  used  to  produce 
neutrons  for  time  of  flight  experiments .  The 
injector  is  of  the  criode  gun  type  requiring 
a  grid  pulse  of  several  KV  to  achieve  the 
necessary  electron  beam  current.  The  appli¬ 
cation  of  a  hydrogen  chyratron  tube  for  the 
generation  of  drive  pulses  having  durations  of 
less  than  4  nanoseconds  at  voltages  of  sev¬ 
eral  kilovolts  has  been  examined  from  theore¬ 
tical  and  practical  points  of  view. 

The  relationship  between  the  risetime  of 
the  fundamental  thyratron  switching  function 
and  the  pulse  generated  using  the  classical 
charge  line  technique  is  examined  theoreti¬ 
cally,  and  the  results  applied  to  establish¬ 
ing  the  chyratron  capability  needed. 

Thyratron  switching  characteristics  for 
a  number  of  tubes,  derived  from  the  EEV  Co. 
CX1157,  have  been  evaluated  over  a  range  of 
triggering  conditions  and  the  requirements  for 
optimum  operation  established.  It  has  been 
found  that  switching  transitions  having  rise- 
times  down  to  3  nsec  can  be  obtained  and  that 
the  generation  of  pulses  having  a  3ns  half 
amplitude  width  is  feasible  at  several  kV 
peak  amplitude  for  the  intended  application 
by  using  advanced  circuit  techniques. 

Some  of  the  experimental  results  obtain¬ 
ed  with  special  tubes  operating  under  various 
conditions  are  presented. 

1.  Introduction 

The  CBNM  Electron  Linear  Accelerator 
produces  most  of  the  time  intense  neutron 
bursts  for  neutron  time-of-f light  experiments 
(1).  After  acceleration  to  about  120  MeV 
(130  MeV  at  zero  current),  the  electron  beam 
is  slowed  down  in  a  heavy  metal  target 
producing  brans strahlung  which  then  generates 
neutrons  via  Of, n)  reactions  (2).  The  energy 
resolution  of  the  neutron  data  is  strongly 
dependent  on  the  parameters  of  the  electron 
bursts  which  have  to  be  very  intense  and 
short  (3).  Several  modifications  have  been 


made  particularly  at  the  injection  side  to 
improve  the  peak  current  and  shorten  the 
burst  width.  At  present,  the  triode  gun  is 
driven  by  a  pulse  amplifier  using  UHF  tubes 
to  provide  pulses  down  to  4ns  width  at  5kV 
peak  drive.  It  is  of  coaxial  construction 
and  is  operated  with  cathode  drive  via  a  SOW 
coaxial  line.  Special  features  of  the  gun 
are  a  very  low  inductance  and  capacitance 
enabling  better  matching  of  the  line  than 
was  possible  with  earlier  guns  of  convention¬ 
al  construction. 

At  the  output  of  the  anode,  electron 
beam  pulses  of  4  to  5ns  long  and  more  than 
20A  are  obtained  and  injected  into  a  pre¬ 
bunching  cavity  and  then  into  the  first 
section  of  the  accelerator.  This  paper 
describes  some  of  the  recent  theoretical  and 
practical  work  concerned  with  the  operation 
of  the  gun  and  the  use  of  hydrogen  thyratrons 
for  the  generation  of  drive  pulses  below 
4ns  FWHH*  at  repetition  rates  of  up  to  1kHz. 

2.  The  Electron  Gun 

The  main  elements  of  the  gun  construction 
are  shown  in  fig.  1,  where  it  is  to  be  noted 
that  almost  the  whole  of  the  electrically 
functional  assembly  is  configured  in  coaxial 
form  and  proportioned  for  50  Ohms  operation. 

To  a  first  approximation  the  equivalent 
circuit  is  that  shown  in  fig.  2,  where  the 
gun  impedance,  *k  is  shunted  by  a  fixed  load 
resistor,  Rj_,  chosen  to  match  the  50  Ohm  line 
which  connects  the  gun  to  the  pulse  source. 

The  gun  capacitance,  C,  is  5pF  and  forms 
with  the  source  and  termination  a  basic  RC 
time  constant  of  125psec,  having  a  theoreti¬ 
cal  risetime  of  under  300psec.  This  funda¬ 
mental  theoretical  performance  capability  is, 
however,  influenced  by  some  practical  features 
which  could  degrade  the  risetime  performance, 
but  it  has  been  estimated  that  these  should 
not  prevent  the  attainment  of  risetimes  and 
pulse  widths  down  to  lnsec.  In  consequence, 
it  was  considered  worthwhile  to  conduct  an 
Investigation  into  techniques  for  producing 
shorter  pulses  than  those  currently  being 
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used  around  4  to  Snsec. 
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Fig.  1.  Co-axial  Short  Pulse  Electron  Gun 
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as  illustrated  in  fig.  3.  Between  pulses 
the  capacitance  of  the  line  is  charged  from 
a  high  voltage  source,  via  a  resistor.  When 
the  line  capacitance  is  charged  to  a  poten¬ 
tial  of  twice  the  required  peak  pulse  amp¬ 
litude  the  thyratron  is  triggered  on  its 
grid.  In  the  ideal  case  with  a  lossless  line 
and  an  ideal  switch  a  rectangular  pulse  of 
duration  equal  to  twice  the  delay  time  of  the 
line  is  produced  in  a  matched  load.  In 
practice  the  switch  exhibits  a  finite  time 
of  transition  from  non- conduction  to  full 
conduction,  characterised  by  the  10-90%  rise¬ 
time.  Also,  the  line  will  not  be  ideal  and 
the  pulse  produced  will  exhibit  finite  rise 
and  fall  times  and  may  be  of  lower  amplitude 
than  ideal.  Parasitic  capacitive  and  induc¬ 
tive  elements  may  also  give  rise  to  ringing 
and  overshoot  phenomena.  For  short  pulses 
the  line  imperfection  can  be  relatively 

insignificant  and  careful  at!:  »»>;  >  •  t  to  con¬ 
struction  can  minimise  ringing  and  overshoot, 
leaving  the  major  factor  determining  pulse 
performance  as  the  thyratron  switch  risetime. 


Fig.  2.  Basic  Circuit  of  Gun  Assembly 
3.  Thyratron  Pulse  Generators 

Well  known  amongst  the  techniques  for 
high  voltage  pulse  generation  is  the  use  of 
a  hydrogen  thyratron,  although  Its  applica¬ 
tion  to  the  generation  of  pulses  appreciably 
shorter  than  Snsec  frequently  involves  the 
tube  working  in  a  'spark  gap'  mode  which  can 
appreciably  reduce  tube  life.  Nevertheless, 
the  advantages  offered  by  this  type  of  tube 
encouraged  a  programme  of  work  to  establish 
how  far  it  might  go  towards  attaining  the 
target  of  generating  a  3nsec  pulse  at  SkV 
in  a  SO  Ohm  circuit,  whilst  maintaining 
normal  thyratron  operation.  Because  the  grid 
electrode  in  a  thyratron  can  only  perform  a 
trigger  function  the  thyratron  must  be  used 
as  a  switching  element.  It  is,  therefore, 
necessary  to  depart  from  the  pulse  amplifier 
configuration  of  the  existing  drive  equipment 
and  embody  the  thyratron  into  a  system  where 
the  pulse  width  is  determined  by  external 
elements.  The  classical  'charge  line'  tech¬ 
nique  for  short  pulses  is  to  use  the  thyra¬ 
tron  in  conjunction  with  a  charged  coaxial  Has 


Fig.  3.  Line  Generator  Circuit  with 
Grounded  Switch  Cathode. 

4-  Pulse  Width  Amplitude 
and  Risetime  Relationships 

The  general  effect  of  reducing  the 
charge  line  delay  time  so  as  to  achieve  a 
reduction  in  pulse  width  is  illustrated  in 
fig.  4.  which  shows  the  basic  charge  line 
circuit  at  the  top  with  the  pulse  in  the  load 
formed  by  the  summation  of  the  forward  and 
reflected  waves  in  the  line  circuit.  In  this 
simple  case  a  linear  ramp  transition  has  been 
assumed,  and  it  is  evident  that  when  the  line 
delay  is  reduced  below  a  certain  point  any 
reduction  in  pulse  width  will  be  associated 
with  a  reduction  in  pulse  amplitude.  Super¬ 
ficially,  it  may  be  imagined  that  pulses  of 
appreciably  less  width  than  the  risetime 
could  be  produced  if  the  sacrifice  in  pulse 
amplitude  could  be  accepted,  and  this  indeed 
might  be  the  case  if  an  ideal  ramp  transition 
could  be  produced.  However,  such  a  transi¬ 
tion  cannot  even  be  approached  in  the  time 
region  under  consideration  because  of  its 
bandwidth  requirements,  and  it  is  of  consider- 
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able  interest  to  establish  the  nature  of  the 
relationship  between  pulse  width,  amplitude 
and  switch  risetime  which  applies  in  a 
practical  case. 
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Fig.  4.  Effect  of  Shortening  Line  with 
Finite  Risetime  Switch. 

To  investigate  this  aspect  of  pulse 
generation  theoretically  it  is  necessary  to 
define  the  law  obeyed  by  the  transition.  It 
has  been  shown  (4,  5,  6,  7)  thac  a  good 
approximation,  which  has  some  fundamental 
theoretical  physical  basis,  postulates  thy- 
ratron  conduction  as  obeying  an  exponential 
law.  Of  the  various  ways  in  which  this  can 
be  expressed  a  suitable  choice  is  one  which 
represents  the  thyratron  by  a  series  combin¬ 
ation  of  a  constant  inductance,  and  some  valve 
parameter  which  is  an  exponential  function  of 
time.  It  has  been  found  with  small  ceramic 
tubes  of  cylindrical  construction  as  used 
in  the  tests  to  be  described  that  the  induc¬ 
tance  is  not  a  major  factor  in  a  SO  Ohm 
system  having  a  low  inductance  coaxial  tube 
housing.  In  this  case  the  thyratron  can  be 
adequately  represented  by  an  exponentially 
changing  resistance  function  for  the  transi¬ 
tion  period  of  switching  action.  If  it  is 
assumed  that  the  charge  line  reflects  the 
transition  at  the  open  circuit  snd  with  only 
a  change  of  sign  then  the  pulse  produced  in 
the  load  can  be  obtained  by  linear  simulation 
of  the  propagated  and  reflected  transitions. 
On  this  basis,  a  detailed  analysis  has  been 
carried  out  for  the  exponential  transition 


to  establish  the  relationships  between  pulse 
width,  amplitude  and  risetime.  As  expected 
the  pulse  amplitude  falls  progressively  to 
zero  as  the  charge  line  delay  time  is  reduced 
to  zero,  but  the  pulse  width  does  not  de¬ 
crease  indefinitely,  instead  tending  to  a 
finite  limit.  This  limiting  pulse  width  is 
SO.1%  of  the  risetime  of  the  transition. 

An  interesting  consequence  of  this  is  that 
the  effectiveness  of  the  system,  when 
expressed  as  the  ratio  of  pulse  amplitude  to 
pulse  width,  exhibits  a  broad  maximum  around 
a  value  of  two-way  line  delay  very  nearly 
equal  to  the  thyratron  switch  risetime.  At 
this  point  the  pulse  amplitude  is  some  807. 
of  its  maximum  possible  value  of  half  the 
line  charging  voltage  and  the  pulse  width  is 
16/.  greater  than  the  risetime.  From  these 
calculations  it  is  possible  to  predict  the 
voltage  and  risetime  capabilities  which  the 
thyratron  must  fulfil  to  meet  a  given  width 
and  amplitude  of  pulse.  Fig.  5  shows  such 
a  curve  for  the  case  of  a  5kV,  3ns  width 
pulse  requirement.  The  two-way  delay  time  of 
the  charge  line  is  also  implicit  in  the  cal¬ 
culations  for  the  curve  of  fig.  5  and  the 
actual  values  are  marked  on  the  curve  at 
selected  points.  The  limiting  case  for  zero 
risetime  shows  that  a  lOkV  thyratron  capa¬ 
bility  and  a  3ns  charge  line  delay  time  is 
required,  as  expected  for  such  an  ideal  case. 
The  limit  at  the  other  extreme  shows  that  the 
maximum  allowable  risetime  Is  3.Snsec,  at 
which  point  an  infinite  voltage  capability  is 
needed  owing  to  the  pulse  amplitude  having 
dropped  to  zero.  This  curve  clearly  shows 
the  extent  to  which  pulse  performance  depends 
upon  risetime  when  pulse  widths  of  the  order 
of  the  risetime  are  required,  and  emphasises 
the  need  to  control  risetime  very  closely  if 
pulse  performance  is  to  be  maintained  in  this 
region.  For  example,  to  meet  a  specified 
5kV,  3nsec  ^ulse,  a  variation  of  -10%  to 
+10%  on  a  nominal  3nsec  thyratron  risetime 
will  require  the  thyratron  voltage  capability 
to  increase  from  about  13  kV  to  19  k'V. 

5.  Thyratron  Switching  Characteristics 

It  is  evident  from  the  results  presented 
in  Section  4  that  the  limit  to  the  minimum 
pulse  width  attainable  using  only  linear 
elements  in  the  tube  circuit  will  be  set  by 
the  switching  characteristics  of  the  thyra¬ 
tron.  Accordingly,  a  number  of  different 
thyratron  tubes  were  examined,  including 
both  standard  production  and  experimental 
types.  These  were  supplied  by  the  English 
Electric  Valve  Co.  Ltd.,  and  the  general 
appearance  of  a  typical  tube  is  shown  in 
fig.  6.  The  tubes  were  of  ceramic  construc¬ 
tion  incorporating  two  grids  and  with  sep¬ 
arate  connections  for  the  tube  heater  and 
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gas  reservoir. 


Fig.  5.  Conditions  for  a  3ns  FWHH  Pulse  of 
5kV  amplitude  into  a  matched  load. 


Fig.  6.  Experimental  Ceramic  Thyratron. 

the  testa  were  carried  out  using  an  ex¬ 
perimental  apparatus  of  the  charged  line 
type  having  parasitic  elements  minimised  as 
far  as  possible,  and  into  which  thyratrons 
could  be  placed  to  investigate  individual 


performance.  Figure  7  shows  the  general 
construction,  and  figure  8  the  circuit  block 
diagram.  Pulse  drive  was  used  to  Grid  No.  1, 
as  it  has  been  established  that  this  is  more 
favourable  to  the  attainment  of  the  shortest 
risetime. 


Fig.  7.  Construction  of  Test  Apparatus. 
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Fig.  8.  Test  Apparatus  Circuit. 

It  is  to  be  noted  that  some  aspects  of 
thyratron  behaviour  can  be  masked  by  inade¬ 
quate  resolution  in  the  test  apparatus  and 
measuring  instrument  used,  and  care  was 
taken  to  avoid  this  situation  as  far  as  poss¬ 
ible. 

Part  of  the  test  programme  was  aimed  at 
studying  the  influence  on  anode  transition 
risetime  of  the  following  factors: 

Gas  pressure. 

Drive  amplitude  to  Grid  No.  1. 

Drive  amplitude  to  Grid  No.  2. 

Risetime  of  drive  to  Grid  No.  2. 

Delay  between  Grid  No.  1  and  Grid  No.  2 
pulses. 

Peak  anode  voltage. 

Peak  anode  current. 
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The  following  dependencies  have  been 
observed  between  electrode  operating  condi¬ 
tions  and  anode  switching  transition  speed 
for  the  range  of  tubes  tested: - 

(i)  Heater  Voltage:  The  main  effect 
of  variation  in  heater  voltage 
is  to  affect  tube  operating 
temperature,  and  in  consequence 
gas  pressure.  In  this  respect 
it  has  a  similar  effect  to 
variation  in  reservoir  voltage. 
However,  it  should  be  emphasised 
that  the  cathode  operating  temp¬ 
erature  has  a  considerable 
influence  upon  tube  life  and 
departures  from  manufacturer ' s 
recommended  ratings  should  not 
be  contemplated  without  consul¬ 
tation. 

(ii)  Reservoir  Voltage:  This  is  by  far 
the  most  important  tube  operating 
parameter  affecting  speed  of  the 
anode  transition,  owing  to  its 
direct  effect  on  gas  pressure. 
Generally,  speed  improves  as 
reservoir  voltage  is  increased, 
but  often  with  a  gradually 
diminishing  effect.  The  extent 
of  this  depends  very  much  on  the 
choice  of  reservoir  design 
parameters  by  the  manufacturer. 

It  is  to  be  emphasised  that 
operation  with  reservoir  voltages 
outside  the  maker's  published 
limits  can  greatly  endanger  tube 
life  and  could  result  in  cata¬ 
strophic  failure. 

(ill)  Grid  No.  1  Drive  Pulse:  The  rise¬ 
time  of  this  pulse  is  relatively 
uncritical  although  it  should  be 
small  compared  with  the  pulse 
length.  A  few  tens  of  nano¬ 
seconds  is  easily  obtained  with 
present  day  techniques  and  has 
been  found  to  be  satisfactory. 

The  pulse  width  is  not  critical 
but  must  be  adequate  to  allow 
the  maximum  grid  current  to  be 
achieved  prior  to  the  Grid  No.  2 
trigger  pulse  being  applied.  A 
few  hundred  nanoseconds  is 
suitable.  The  amplitude  of  grid 
current  is  important,  being 
dependent  on  the  peak  anode 
current  and  the  tube  construction. 
For  the  fastest  type  of  tube 
tested  a  grid  current  of  10-20 
Amps  is  usually  satisfactory  for 
anode  currents  of  up  to  200  Amps. 


Sufficient  grid  current  is 
essential  to  avoid  inflections 
in  the  anode  transition,  as  the 
presence  of  these  can  seriously 
degrade  risetime  performance. 

The  drive  voltage  required  by 
the  valve  is  only  a  few  hundred 
volts  at  most,  but  considerably 
more  source  voltage  than  this 
can  be  advantageous  in  reducing 
the  time  taken  to  reach  maximum 
current . 

(iv)  Grid  No,  2  Drive  Pulse:  Tests 
revealed  that  reducing  the 
risetime  of  the  drive  pulse 
below  about  I5nsec  or  so 
had  no  measurable  effect  on 
the  anode  transition  rise¬ 
time.  Anode  delay  time  may  be 
affected  but  some  of  this  is 
attributable  to  the  shift  in 
timing  reference  point  on  the 
leading  edge  of  the  drive 
pulse.  A  similar  conclusion 
was  reached  regarding  amplitude 
of  the  current  and  voltage  of 
the  drive  pulse  and  no  effect 
on  the  anode  transition  risetime 
was  discernible  over  a  10:1 
range  of  drive  amplitudes. 
However,  jitter  does  increase 
as  the  drive  amplitude  is 
reduced  or  drive  risetime  is 
increased,  and  where  low  jitter 
is  important  adequate  drive 
pulse  amplitude  and  fast  rise¬ 
time  are  essential.  The  drive 
circuit  impedance  should  be  low 
and  the  circuit  design  should  be 
such  as  to  preserve  the  maximum 
speed  of  the  input  pulse.  The 
duration  of  the  drive  pulse  has 
not  been  found  to  be  critical; 
a  convenient  width  lies  in  the 
region  of  50-150nsec.  The  pulse 
must  be  delayed  to  follow  the 
Grid  No.  1  drive  pulse,  ensuring 
that  the  Grid  No.  1  discharge  is 
established  before  the  Grid  No. 

2  trigger  pulse  occurs.  As  bias 
is  required  for  Grid  No.  2  the 
circuit  must  include  provision 
for  this. 

(v)  Anode  Voltage:  The  anode  voltage 
which  the  valve  will  'hold-off' 
(i.e.  without  self  triggering 
before  the  Grid  No.  2  pulse 
occurs)  is  dependent  upon  the 
gas  pressure  and  falls  as  the 
pressure  is  increased.  This 


IJ7 


theoretical  prediction 


is  one  of  the  main  factors 
affecting  the  extent  Co  which 
the  pressure  can  be  raised  to 
reduce  anode  risetime.  Tube 
operating  conditions  are 
inevitably  a  compromise  between 
risetime  and  anode  voltage 
'hold-off*.  Measurements  have 
shown  that  the  anode  risetime 
reduces  as  the  voltage  is 
reduced  when  the  circuit  and 
charge  line  and  all  other 
factors  are  kept  constant,  but 
this  decrease  is  not  propor¬ 
tional  to  voltage  and  so  the 
best  power-speed  capability  is 
obtained  at  the  highest  voltage 
for  which  the  tube  is  designed. 

(vi)  Anode  Current:  The  anode  risetime 
is  influenced  by  the  magnitude 
of  the  peak  anode  current,  and 
at  a  constant  voltage  it  increases 
as  anode  current  is  increased. 

The  risetime  increases  much 
more  slowly  than  the  increase  in 
anode  current  so  that  the  best 
tube  power-speed  capability 
occurs  at  the  highest  current. 

However,  for  fast  pulse  working 
the  limit  to  anode  current  may  be 
set  by  the  onset  of  inflections 
and  irregularities  in  the  anode 
transition  waveform. 

6.  Pulse  Generation  Tests 

To  examine  how  the  results  of  the  theo¬ 
retical  pulse  width  risetime  and  voltage 
relationships  described  in  section  4  relate  t  > 
practical  performance,  tests  were  carried  out 
using  a  type  of  tube  found  to  have  the  fastest 
anode  transition  in  a  circuit  of  the  charged 
line  type  operating  at  the  50  Ohm  impedance 
level.  Capacitor  divider  monitoring  probes 
were  incorporated;  one  at  the  anode  of  the 
thyratron  to  monitor  the  anode  voltage  trans¬ 
ition  and  another  across  the  load.  A  typ¬ 
ical  result  illustrating  waveforms  at  the 
anode  and  across  the  load  is  shown  in  fig.  9 
for  a  charge  line  having  a  two  way  delay  of 
3nsec.  The  anode  transition  risetime  is 
3.0ns  and  the  pulse  width  is  3.85ns.  The 
anode  supply  was  lOkV  which  produced  a 
3.3kV  peak  pulse  amplitude.  Similar  results 
over  a  range  of  risetimes  were  obtained  and 
are  plotted  as  the  curves  marked  'A'  in 
fig.  10.  Also  shown  in  fig.  10  are  curves 
for  the  theoretical  relationships  referred 
to  in  section  4  which  are  marked  *B'.  The 
practical  results  exhibit  a  lower  amplitude 
and  somewhat  greater  pulse  width  than  the 


Fig.  9.  Voltage  Waveforms  at  Thyratron 

Anode  and  in  Load  for  Experimental 
Pulse  Generator. 

One  possible  explanation  is  that  the 
shape  of  the  anode  voltage  transition 
departs  from  the  assumed  law,  and  indeed, 
examination  of  the  waveform  shows  this  to 
be  so.  This  aspect  of  the  transition  was 
examined  in  more  detail  by  plotting  the 
anode  transition  on  a  logarithmic  amplitude 
scale,  as  a  tube  obeying  the  assumed  law 
should  give  a  straight  line.  Using  the  anode 
transition  of  fig.  9  taken  between  the  peak 
to  peak  limits,  the  logarithmic  plot  is 
shown  in  fig.  11  as  a  solid  line.  Whilst 
the  law  is  obeyed  quite  well  over  the  central 
region  extending  to  nearly  2  decades  there 
is  an  increasing  departure  at  each  end. 
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Fig.  10.  Curves  A  &  C;  experimentally 


observed  dependency  of  pulse 
amplitude  and  pulse  width  on 
thyratron  rise-time  using  the 
apparatus  shown  in  Fig.  7. 

Curve  B;  theoretically 
predicted  relationship;  two 
way  line  delay  time  3.0ns. 

At  the  end  nearest  the  time  origin  some 
of  this  departure  is  attributable  to  the 
noticeable  ripple  before  the  transition, 
whilst  at  the  other  end  it  is  attributable 
to  a  more  abrupt  finish  to  the  transition. 

A  better  fit  between  the  measured  and 
ideal  transitions  is  achieved  if  the  ampli- 
tube  of  the  latter  is  made  greater  than  the 
actual  peak  to  peak  value  of  the  measured 
transition.  In  the  present  case  an  ampli¬ 
tude  corresponding  to  a  supply  voltage  of 
10.91kV  has  been  found  to  be  a  good  choice 
for  the  idealised  transition,  and  the  revised 
plot  of  the  measured  transition  is  shown  by 
the  ringed  points  in  figure  li  when  interpret¬ 
ed  in  this  way.  The  points  now  lie  on, 
or  close  to,  the  straight  line  representing 
an  ideal  exponential  transition  over  the 
major  part  of  the  range,  only  deviating 
significantly  at  the  extreme  points. 


Fig.  11.  Anode  transition  of  Fig.  9  plotted 
logarithmically  to  show  extent 
of  agreement  between  experiment 
and  theory  -  see  text  for  details. 

Replotting  the  results  of  curve  'A1  of 
Fig.  10  after  making  allowance  for  this 
revision  results  in  curve  'C'  which  shows 
appreciably  closer  correspondence  with  the 
theoretical  predictions,  especially  regarding 
pulse  width.  The  remaining  discrepancy  may 
well  be  accounted  for  by  the  cumulative 
effects  of  risetlme  contributions  from  the 
apparatus,  the  residual  discrepancy  between 


the  theoretical  and  measured  transitions  and 
stray  capacitance  and  inductive  effects. 

The  attainment  of  transitions  having  3nsec 
risetimes  from  a  thyratron  operating  at 
lOkV  or  more  offers  the  possibility  of 
generating  pulses  down  to  3nsec  width  at  the 
5kV  amplitude  required  by  the  electron  gun 
if  the  voltage  efficiency  could  be  improved. 

A  well  known  technique  which  doubles  the 
pulse  amplitude  is  the  Blumlein  circuit 
where  two  identical  lines  are  charged  in 
parallel  and  effectively  discharged  in 
series,  so  providing  an  output  voltage  equal 
to  the  charging  voltage  in  the  ideal  case. 

The  line  impedance  required  becomes  half  of 
the  load  impedance,  so  that  the  discharge 
tube  has  to  be  capable  of  passing  greater 
current  than  in  the  basic  single  line 
circuit.  Hydrogen  thyratrons  of  the  type 
tested  will  handle  the  increased  current 
without  serious  degradation  of  the  risetime 
at  voltages  up  to  at  least  lOkV,  provided 
the  points  noted  in  section  5  are  taken  into 
account,  so  that  the  adoption  of  this 
technique  should  yield  a  significant  gain 
in  capability.  Another  technique,  especially 
applicable  to  lower  repetition  rate  require¬ 
ments  is  the  technique  of  ’command'  pulse 
charging  (7).  This  enables  the  statistical 
nature  of  gas  discharge  breakdown  to  be 
exploited  by  restricting  the  application  of 
voltage  to  a  short  period  just  prior  to  the 
instant  of  thyratron  triggering,  and  it 
seems  likely  that  by  applying  this  technique 
to  the  Blumlein  circuit  the  best  of  the 
experimental  valves  tested  could  yield  a 
5kV,  3ns  pulse  suitable  for  the  electron  gun 
application. 
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INTRODUCTION: 


For  the  past  several  years,  NSWC  and  ET1D 
Lab,  ERAOCOM,  have  been  working  together  to  ad¬ 
vance  the  technology  base  In  high  power  switching 
and  power  conditioning  and  to  develop  a  thyratron 
for  the  extremely  demanding  ETA/ATA  application, 
whose  requirements  are:  peak  hold-off  voltage, 
250  kV,  pulse  charged  In  a  few  microseconds;  peak 
current,  40  kA;  pulse  width,  60  nanoseconds, 
rising  in  10  nanoseconds;  repetition  frequency, 
greater  than  1  kHz.  The  present  ETA/ATA  switch 
Is  a  gas-blown  spark  gap  with  satisfactory  hold- 
off  and  risetime,  but  limited  In  repetition  fre¬ 
quency  and  life.  The  thyratron,  with  Its  diffuse 
discharge  as  opposed  to  the  flllmentary  discharge 
of  the  spark  gap.  has  Inherently  faster  recovery 
for  higher  repetition  frequency  operation  and  Is 
erosionless,  for  a  much  longer  operational  life. 
The  thyratron  operates  at  low  gas  pressure,  at  a 
few  hundred  microns,  on  the  left  side  of  the  Pas- 
chan  minimum,  gets  Its  voltage  holdoff  by 
reducing  electrode  spacing,  and  Is  noma  My  lim¬ 
ited  by  field  emission  effects  to  40  to  50  kV  per 
gap.  For  operation  at  voltages  higher  than  this, 
multiple  gaps  must  be  used  with  some  mechanism 
for  dividing  the  total  voltage  among  the  gaps. 


THYRATRON  DESIGN,  HY-S525: 

When  a  switch  is  closed  between  an  energy 
store  and  a  load,  the  rate  of  rise  of  curre  ♦  can 
be  limited  by  circuit  inductance,  switch  ensure 
time,  or  both.  In  nearly  all  previous  applica¬ 
tions,  circuit  Inductance  limited  the  rise  and 
switch  closure  could  be  considered  fast,  so  that 
during  the  time  the  switch  Impedance  (mainly  re¬ 
sistive)  was  falling  there  was  little  current 
through  the  switch  and  dissipation  stayed  low. 
For  fast  circuits,  switch  closure  time  becomes 
the  limitation  on  current  rate  of  rise  and  the 
switch  has  to  pass  large  currents  while  the  vol¬ 
tage  across  It  Is  still  high.  For  this 
application  with  peak  voltage  of  250  kV  and  peak 
current  of  40  kA,  If  the  current  rises  to  half 
peak  value  while  the  voltage  drops  to  half  peak 
value,  a  reasonable  approximation  for  a  switch- 
limited  circuit,  the  peak  dissipation  within  the 
switch  reaches  2.5  x  10s  watts.  To  keep  average 
power  dissipation  within  the  tube  low  enough  to 


avoid  thermal  damage,  the  time  during  which  this 
dissipation  is  present,  the  switch  closure  time 
or  anode  fall  time,  must  be  kept  very  short,  on 
the  order  of  a  few  nanoseconds.  The  major  factor 
controlling  anode  fall  time  is  gas  pressure  within 
the  switch,  with  higher  pressures  giving  faster 
fall  times.  For  high-voltage,  low- Inductance 
(HVLI)  thyratrons,  a  pressure  of  500  microns  (u) 
is  a  good  goal.  High  pressures,  however,  are  in¬ 
imical  to  good  voltage  hold-off  because  on  the 
left  side  of  the  Paschen  curve,  where  thyratrons 
operate,  increasing  pd  (pressure-distance  product) 
produces  a  lower  breakdown  voltage.  Reducing 
electrode  spacing  to  compensate  for  higher  pres¬ 
sure  helps,  but  field-emission  problems, 
aggravated  by  reduced  spacing,  will  limit  hold¬ 
off. 

The  design  of  the  HY-5525  Is  shown  In  the 
cutaway  of  Figure  I,  and  the  tube  Itself  In  Figure 
2.  The  tube  envelope  Is  4.5  inches  In  diameter 
and  the  tube  stands  6.3  Inches  high  from  the  ca¬ 
thode  flange  to  the  anode  flange.  It  has  five 
gaps  and  the  overall  length  of  the  high  voltage 
sections  is  short  enough  to  provide  a  low  total 
Inductance.  The  tube  Is  designed  for  use  with  a 
12-inch  diameter  current  return.  The  Inductance 
of  the  tube/return  combination  is  about  40  nH. 
The  tube  should  have  been  capable  of  generating  a 
10  kA,  60  ns  current  pulse  with  a  risetime  of  10 
to  15  ns  at  a  pulse  repetition  frequency  of  l  kHz 
In  a  burst  mode.  The  gap  spacing  (Figure  1) 
varied  from  .121  Inch  at  the  control  grid  to  .115 
Inch  at  the  anode  to  improve  the  voltage  distribu¬ 
tion  across  the  tube  (  is  about  12  for 

a  12  Inch  return  and9%oiflr  *3  for  a  14  inch 
return),  but  even  the  .115-Inch  gap  Is  well  above 
the  spacing  (  .090  Inch  )  where  experimental  re¬ 
sults  show  that  field  emission  may  became  a 
concern.  The  upper  Insulator  is  1.515  Inches 
long.  This  Is  more  than  adequate  according  to  the 
results  of  ceramic  tests.  A  ratio  of  baffle 
thlcknass  to  Internal  grid  height  Is  such  that 
reasonably  good  stage  Isolation  without  triggering 
problems  was  expected. 
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TEST  FACILITY,  DESIGN  AND  PERFORMANCE: 

The  philosophy  followed  In  the  design  and 
fabrication  of  the  test  facility  ior  the  HVLI 
thyratron  was  to  produce  all  conditions  of  the 
eventual  application  simultaneously.  Our  experi¬ 
ence  with  non-slmultaneous,  or  simulated,  testing 
has  been  that  It  often  produces  unrealistic,  and 
dangerously  optimistic,  data. 

To  generate  the  required  fast  pulses,  while 
avoiding  the  mechanical  difficulties  of  a  Blum- 
leln  circuit,  a  water-filled  coaxial  pulse 
forming  line  (PFL)  was  designed  for  250  kV  peak 
charging  voltage,  60  ns  pulse  width,  3  ohm  char¬ 
acteristic  Impedance,  and  10  nF  distributed 
energy  storage  capacitance.  A  water- imeersed  3 
ohm  load  in  series  with  the  center  conductor 
matched  the  PFL  and  maintained  the  desired  6  ohm 
system  Impedance.  The  thyratron  mounted  below 
the  PFL  in  an  oil  tank  with  a  heavy  acrylic  plate 
separating  the  oil  frixn  the  water.  A  large  diam¬ 
eter  current  path  was  maintained  throughout  for 
low  Inductance  and  good  risetime:  7.7  Inch  dia 
center  conductor  In  the  PFL;  6  inch  dia  load  re¬ 
sistor;  5  1/4  Inch  dia  conductor  through  the 
acrylic  plate  to  the  thyratron.  The  connection 
from  the  thyratron  to  the  feedthrough  was  made 
with  beryllium-copper  finger  stock  operated  at 
2.5  kA/ linear  Inch  around  the  diameter,  which  Is 
a  conservative  current  density.  The  current 
return  from  the  thyratron  cathode  to  the  PFL  was 
a  12  Inch  dia  cylinder,  the  same  diameter  as  the 
outer  cylinder  of  the  PFL,  and  a  distributed,  low 
inductance  .07  ohm  current  viewing  resistor  (CVR) 
was  in  series  with  the  current  return  to  monitor 
the  current  waveform.  The  low  Inductance  confi¬ 
guration  was  maintained  by  joining  the  current 
return  to  the  PFL  with  24  bolts  around  a  14  Inch 
bolt  circle.  An  Insulated  joint  between  the  PFL 
and  the  grounded  gantry  prevented  grounding  prob¬ 
lems  on  the  diagnostics.  Figure  3  is  a  schematic 
cutaway  of  the  PFL,  load,  thyratron,  CVR,  and 
current  return.  Figure  4  shows  the  PFL  supported 
In  Its  gantry;  the  structure  was  about  9  feet 
tall.  Figure  5  shows  the  current  return,  the 
CVR,  the  finger  stock  connector,  and  the  HY-5525 
In  Its  socket. 

The  water  In  the  PFL  was  circulated  contin¬ 
uously  through  a  high-purity  mixed-bed  deionizer, 
and  a  layer  of  transformer  oil  floating  on  the 
water  helped  prevent  atmospheric  gases,  particu¬ 
larly  C0-,  from  lowering  the  resistivity.  The 
1/e  deeiy  time  was  approximately  40  us;  when  the 
thyratron  was  triggered  within  a  few  us  after 
charging  the  PFL,  the  energy  loss  through  the 
water  resistance  was  negligible. 

The  PFL  was  pulse-charged  with  a  (1  - 
cosine)  waveform  through  a  1:4,5  stepup  transfor¬ 
mer  from  a  .2  uF  Intermediate  storage  capacitor 
switched  by  a  7890  thyratron.  This  capacitor  was 
resonantly  charged  from  a  power  supply, f liter 
bank,  choke,  and  charging  diode  circuit.  A  225 
kV,  1  amp  average  current  diode  stack  between  the 
transformer  and  the  PFL  prevented  the  PFL  charge 
from  ringing  back  Into  the  transformer.  The 
charging  circuit  was  operated  up  to  140  kV,  de¬ 
livering  98  joules  per  pulse.  In  a  burst  mode  up 


to  1  kHz  for  burst  lengths  of  a  few  hundred 
pulses  with  a  pulse- to- pulse  droop  of  only  .151. 

The  PFL  was  characterized  and  diagnostics  de¬ 
veloped  by  operating  In  a  charge-discharge  mode 
with  a  well-behaved  single-gap  thyratron,  an  HY- 
53,  operating  at  25  kV  and  high  enough  gas  pres¬ 
sure  to  be  near  self-break  voltage,  so  as  to 
ensure  fast  anode  fall  and  current  rise  times, 
about  17  ns,  as  shown  In  Figure  6.  The  gas  pres¬ 
sure  was  lowered  slightly  until  the  anode  fall 
time  Increased,  and  a  corresponding  Increase  In 
current  rise  time  was  noted,  indicating  that  the 
current  rise  was  controlled  by  the  tube  character¬ 
istics  rather  than  by  the  circuit.  A  multigap 
thyratron  was  expected  to  be  slower  than  a  single 
gap  tube,  and  the  circuit  being  faster  than  the 
single  gap  tube  gave  reasonable  assurance  that  the 
evaluation  of  the  multigap  tube  was  not  circuit 
limited. 


EXPERIMENTAL  RESULTS: 

Prior  to  evaluation  at  ERADCOM,  the  HY-5525 
was  run  at  EG&G  to  the  limits  of  their  80  kV,  30 
ohm,  2.6  kA  modulator,  pulse  charged  In  8  us,  with 
a  discharge  rise  time  of  150  ns.  These  results 
are  shown  In  Figure  7  and  Indicate  good  gap  hold- 
off  and  gap  addition.  The  asterisks  on  the  lowest 
stage  curve  are  ERADCOM  data  and  reproduce  the 
EG&G  data  up  to  7  kA. 

Figure  8  shows  operation  of  all  five  gaps  of 
the  HY-5525  at  400  microns,  32  kV,  with  a  20  ns 
fall  time.  Figure  9  is  representative  of  an  en¬ 
velop  of  no-fire,  fire,  and  pre-fire  traces  for 
the  lower  two  gaps  of  the  HY-5525  In  the  ERADCOM 
modulator  at  700  microns  pressure,  with  a  smooth, 
well-controlled  change  from  fire  to  pre-fire  above 
12.7  kV  and  2  kA.  As  the  gas  pressure  was  reduced 
and  more  gaps  added,  the  hold-off  voltage  Increas¬ 
ed  and  with  It  the  peak  current.  After  a  brief 
period  of  operation  at  7  kA  the  tube  performance 
became  erratic,  jumping  suddenly  from  fire  to  pre¬ 
fire,  sometimes  even  from  no-fire  to  pre-fire, 
with  no  operating  range.  The  hold-off  decreased 
dramatically,  even  at  very  low  gas  pressures.  Re¬ 
ducing  cathode  heater  voltage,  cooling  the  cathode 
and  thereby  the  lowest  grid  increased  lowest  stage 
hold-off,  giving  an  Indication  of  grid  emission. 

The  capacitive  division  of  the  pulsed  anode 
among  the  five  gaps  was  checked  and  found  reason¬ 
able.  In  an  attempt  to  overcome  the  grid  emission 
problem  on  the  lowest  grid,  the  tube  was  run  with 
two  gaps  and  the  voltage  division  distorted  by  an 
unequal  voltage  divider.  The  highest  total  hold- 
off  was  found  with  only  2%  of  the  voltage  across 
the  lowest  gap. 

The  lowest  gap  was  operated  for  many  hours  In 
a  resonantly  charged,  10  us,  3  ohm  modulator  at  10 
Hz  to  determine  irfiat  effect  pulse  heating  of  the 
Interior  surfaces,  particularly  the  control  grid, 
would  have  on  the  low  hold-off/grid  amission  prob¬ 
lem.  By  carefully  operating  the  tube  near,  but 
below,  the  prefire  voltage  level,  the  lowest  gap 
was  conditioned  up  to  22  kV  at  350  microns,  at 
which  it  had  held  off  only  3  kV  before  aging.  The 


improvement,  however,  was  tenuous;  a  brief  burst 
of  pre-fire  pulses  would  drive  the  hold-off  down 
to  7  to  8  kV  and  would  require  many  hours  of 
aging  to  bring  It  back  to  20  kV. 

After  aging  In  the  10  us  modulator,  the  gaps 
were  checked  for  d.c.  hold-off  with  the  cathode 
hot,  with  and  without  gas  in  the  tube.  Without 
gas,  all  gaps  were  quite  similar,  between  27  and 
36  kV,  and  independent  of  polarity.  With  450  mi¬ 
crons  of  gas,  the  holf-off  ranged  from  2  to  25 
kV,  very  low  in  gap  4,  and  quite  polarity  sensi¬ 
tive. 

The  tube  was  returned  to  the  EGfcG  80  kV,  30 
ohm  test  kit  and  reconditioned  to  nearly  its 
original  operating  characteristics  except  for  gap 
four,  which  never  regained  hold-off.  The  envel¬ 
ope  was  then  broken  open  to  examine  the  Internal 
structure. 


AUTOPSY  RESULTS: 

The  uppermost  cathode  vane  had  been  stripped 
clean  of  its  oxide  coating,  leaving  shiny  nickel, 
and  the  outer  edges  of  the  next  few  lower  vanes 
showed  some  signs  of  use.  Other  than  this,  the 
cathode  looked  brand-new.  Its  surface  layer  was 
white  and  soft,  indicative  of  good  cathode  mater¬ 
ial,  rather  than  hard  and  grayish,  which 
occasionally  happens  with  chemical  reconversion 
to  carbonates  or  with  other  cathode  failure. 
There  were  no  signs  of  arcing  anywhere  within  the 
cathode  region. 

A  failure  mode  which  had  been  postulated 
prior  to  the  autopsy,  i.e.,  migration  of  cathode 
material  Into  the  high  voltage  structure,  was  not 
borne  out  by  Inspection.  If  there  were  any  emis¬ 
sive  material  on  electrode  surfaces.  It  was  not 
evident. 

There  were  no  gross  mechanical  defects  such 
as  melted  or  warped  electrodes,  and  theconcentri- 
city  of  electrodes  In  the  ceramic  cylinders, 
while  not  perfect,  was  no  worse  than  In  tubes 
which  have  operated  well. 

There  were  no  effects  to  cause  field- 
enhancement  between  the  electrodes,  such  as 
whiskers  of  metal  or  rough  surfaces  caused  by 
arcing.  There  was  evidence  of  minor  arcing 
between  electrodes,  but  no  more  than  is  commonly 
seen  after  normal  conditioning. 

There  was  evidence  of  ser'ous  arcing  between 
the  edges  of  the  box-grid  sections  and  the  ceram¬ 
ic  walls,  presumably  from  the  edge  of  the  grid  to 
the  deposits  of  metal  on  the  ceramics.  These  de¬ 
posits,  copper  and  molybdenum,  depending  on  their 
unlforlty,  could  provide  field-grading  to  resist 
breakdown  or  field-enhancement  to  encourage  it. 
There  were  also  whitish  deposits,  probably  alu¬ 
mina,  on  the  electrode  surfaces  near  the  arc 
spots.  These  arc  marks  were  most  severe  In  the 
anode  region.  Arcing  In  the  same  region  has  also 
been  noted  during  the  conditioning  of  NY-7  thyra- 
trons. 


There  was  nothing  observed  in  the  autopsy  to 
explain  the  either  the  extreme  difference  in  de¬ 
gradation  and  reconditioning  between  the  fourth 
and  the  other  gaps  or  the  polarity  sensitivity  of 
the  fourth  gap. 


CONCLUSIONS: 

The  most  logical  hypothesis  for  degradation 
of  holdoff  Is  damage  resulting  from  current  starv¬ 
ation.  The  current  requirements  of  the  circuit, 
which  demands  full  design  cathode  current  capabil¬ 
ity  in  the  nanosecond  time  frame,  cannot  be  met  by 
the  present  cathode  structure,  and  results  In 
arcing  from  the  side  of  the  box-grid  structure  to 
the  deposits  on  the  wall.  The  arcing  Is  a  runaway 
situation.  In  that  the  deposits  cause  arcing  which 
In  turn  deposits  more  metal  on  the  ceramics. 

For  high  dl/dt  operation,  the  thyratron  ca¬ 
thode  must  be  designed  not  only  for  adequate  area 
for  current  handling  capability,  but  the  vane 
structure  must  be  sufficiently  open  .to  allow  the 
discharge  to  utilize  this  area  fully1.  The  ca¬ 
thode  in  the  tube  evaluated  here,  even  though  it 
had  more  than  enough  area  for  the  current  deman¬ 
ded,  probably  caused  the  failure  of  the  upper 
stages  of  the  tube  by  not  emitting  electrons 
quickly  enough. 

It  has  became  more  evident  that  a  thyratron 
must  be  conditioned,  or  “aged*  ,  In  an  operating 
environment  similar  to  that  in  which  It  will  be 
run,  particularly  with  respect  to  modulator  impe¬ 
dance  and  peak  current  level.  Though  not  proven 
conclusively  here,  conditioning  under  realistic 
dl/dt  may  also  be  important. 

If  a  thyratron  is  to  be  operated  with  pulse 
charging  of  the  anode  voltage,  the  capacitive  vol¬ 
tage  division  is  Inescapable  and  the  grid-cathode 
space  must  not  fire  too  easily,  else  a  self¬ 
triggering  mode  Is  Invited,  which  even  external 
capacitive  loading  and  negative  grid  bias  will  not 
cure. 


REFERENCES: 

I:  Cathode  Phenomena  and  Life  in  Hydrogen 
Thyratrons,  Seymour  Goldberg,  Proceedings  of  the 
Seventh  Symposium  on  Hydrogen  Thyratrons  and  Modu¬ 
lators,  1962 
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FIGURE  5 

THYRATRON  SOCKET  AND  CURRENT  RETUR  N 


FIGURE  6 

Pa  RESPONSE  WITH  SINGLE  GAP  TUBE 
UPPER:  CATHODE  RETURN  CURRENT  UNCALIBRATEO 
LOWER :  ANODE  VOLTAGE.  5  kV/MINOR  DIV. 
HORIZONTAL:  20  ns/MINOR  DIV. 
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FIGURE  9 

ANODE  FALL  WAVEFORM  OF  HY-5525, 
ALL  FIVE  GAPS  ACTIVE. 

32  kV  PEAK  ANODE  VOLTAGE 
400  u  GAS  PRESSURE 
FALL  TIME  •  20  ns 


FIGURE  9 

FIRE/PREFIRE  ENVELOPE  TWO  GAPS  OF  HT-5525 
VERTICAL:  2.44  kV/MINOR  DIV. 

HORIZONTAL:  I  uS/MINOR  DIV. 


MULTIPLE  PULSE  ELECTRON-BEAM  CONTROLLED  SNITCH 


V.E.  Scherrar,  R.J.  Cosmisso+, 

R. P.  Femsler*,  and  I.M.  Vitkovitsky 

Naval  Research  Laboratory 
Washington,  DC  20375 


Summary 

The  electron-beam  (e-beam)  controllad  switch  is 
a  promising  opening  switch  candidate1  for  inductive 
storage  pulsed  power  applications  where  repetitively 
pulsed  (>  1  kHz)  output  power  of  ~  10 10  w  is 
required.  Several  authors1'11  have  reported 
theoretical  analysis  and  eq>erljsantal  results  for  e- 
beam  controlled  switches,  the  development  of  this 
switch  requires  a  number  of  eqperismnts  to  be 
performed  to  determine  the  gas  conductivity,  rate  of 
change  of  conductivity,  switch  efficiency,  and  the 
effects  of  energy  deposition  in  the  gas  on  the 
switch  recovery.  Such  experiments,  which  would 
establish  the  feasibility  of  the  a-beam  switch  for 
high  power  applications,  are  being  carried  out  with 
simple  gas  mixtures  over  a  range  of  ambient  gas 
pressures  and  electron  beam  current  densities. 
Comparisons  are  made  between  experiment  and 
theory1,2  to  understand  the  basic  mechaniaes 
involved  in  switch  operation.  Single  pulse 
experiments  are  also  used  to  provide  a  data  base  for 
establishing  the  repetitive  capability  of  the 
switch.  A  typical  desiyn  goal  involves  charging  of 
a  storage  inductor  over  a  period  of  several 
microseconds,  voltage  and  current  levels  at  the  load 
of  200-500  kV  and  10-100  kA,  with  a  pulse-to-pulsa 
separation  of  ~  100  usee,  initial  experiments 
characterizing  the  performance  of  a  second  pulse 
have  been  carried  out. 

1-Baam  Switch  Concept 

The  principles  of  an  e-beam  controlled  switch 
for  repetitive  operation  are  discussed  in  Ref.(l). 

An  inductive  storage  system  using  an  e-beam 
controlled  switch  to  generate  a  pulsed  high  power 
output  is  shown  schematically  in  Fig.  (1).  Mien  the 
e-beam  is  turned  on,  the  switch  resistance  drops  to 
a  low  value,  resulting  in  energy  transfer  from  the 
source  W0  to  the  indictor  L.  Whan  the  e-beam  is 
turned  off  (and  SW-2  is  closed)  the  switch 
resistance  becomes  large  and  switch  current  is 


shunted  to  the  load  R^.  After  the  pulse,  sm-2  opens 
and  the  process  is  repeated  for  a  second  pulse  by 
making  the  e-beam  switch  condict  again.  The  switch 
SW-2  is  generally  not  required  except  for  specific 
applications.  The  most  significant  problem 
associated  with  the  use  of  such  a  switch  is  the 
energy  loss  by  joule  heating  in  the  switch.  1b 
minimize  this  heating,  the  switch  resistance  mist  be 
as  low  as  possible  while  the  switch  is  conducting. 
Such  heating  can  also  lead  to  late  time  breakdown 
making  repetitive  pulse  operation  impossible.  Cn 
the  other  hand,  this  switch  promises  to  provide  a 
repetitive  opening  cabability  with  a  very  fast  fall 
time  of  the  switch  current.  Potential ly ,  the 
opening  time  of  the  switch  can  be  substantially 
faster  than  that  achieved  with  fuse  arrays. 


A  measure  of  the  switch  performance  that 

determines  how  practical  such  a  switch  can  be  is  the 

current  gain,  e.  It  is  defined  as  the  ratio 

(I  -  I  )/I  ,  where  i  is  the  total  current  flawing 
n  it  ** 

in  the  switch,  i(  is  the  injected  e-beam  current, 
and  the  bar  indicates  peak  values.  A  current  gain 
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of  at  least  10  Is  considered  necessary  for  a 
practical  system. 1 

Theoretical  predictions1  indicate  that  the 
resistivity  p,  switch  currant  fall  time, t?,  and 
current  gain  e  depend  on  the  ambient  gas  pressure. 
Limiting  values  of  pressure  depend  upon  the 
properties  of  the  thin  window  between  the  evacuated 
t ~ 1 0  TOrr)  e-beaa  diode  and  the  high  pressure 
(~  io3  Ttorr)  switch,  electron  energy  raquirsasnts, 
and  the  strength  of  the  switch  chamber.  A  switch 
pressure  of  10  atm  appears  feasible. 


that  prodice  a  200  ns  (FWHM),  200  kv  pulse  across 
the  diode.  The  fuse  F0  Is  chosen  to  open  after  200 
ns,  limiting  plasma  generation  in  the  diode.  Too 
pulse-forming  networks  can  be  coupled  to  the  diode 
for  double-pulse  studies  of  the  e-baam  switch. 13  The 
test  chamber  is  isolated  from  the  diode  by  a 
0.0  05-cn  mylar  window  and  is  normally  filled  with  a 
mixture  of  two  gases  at  a  pressure  of  1-3  atm.  The 
resistance  of  the  cell  during  discharge  is 
determined  by  measuring  the  current  through  and 
voltage  across  it.  The  circuit  voltage  is  sustained 
by  the  capacitor  C.  The  circuit  is  described  byi 


The  upper  limit  of  current  density  that  can  be 
switched  in  the  repetitive  pulse  mode  depends  on 
energy  deposition  in  the  switch  by  joule  heating. 
Excessive  energy  deposition  is  manifested  in  delayed 
breakdowns12  which  would  preclude  multiple  pulse 
operation,  as  discussed  later  in  detail. 


Description  of  the  Experiment 


Vo  '  R(W  *  L-5T  +  -5-  '  indt '  (1> 

where  R  is  the  switch  resistance,  VQ  is  the  initial 
voltage  on  capacitor  C,  and  L  is  the  circuit 
inductance.  We  can  neglect  the  last  term  in  Bq. ( 1) 
( <5%  correction),  at  the  time  of  peak  (i.e. 
when  din/dt  -  0)  the  switch  resistance  is 


The  experiment,  shown  schematically  in 
Fig.  (3),  contains  three  principal  parts:  a 
high  voltage  pulser,  consisting  of  a  low 
voltage  (<  10  kV)  source  and  a  pulse-forming 
network;  an  e-beam  diode;  and  a  gas  cell  test 
chamber.  In  the  pulser, 1 3  a  20  kA  current 


R 


(2) 


The  resistivity  at  peak  net  current,  Po>  is  related 
to  RQ  through  the  switch  geometry.  The  fall  time  of 
the  current  through  the  switch  is  estimated  from 


anooe  l 


source  charges  an  inductive  store,  with  e^lodlng 
wire  fuses  F,  and  F2  serving  as  opening  switches 


(3) 


where  V2  **  th«  transient  voltage  peak  associated 
with  the  rise  and  fall  of  switch  current  and  is 
Indicated  in  Fig.  (3). 

The  diagnostics  used  in  the  experiment  include 
calibrated  Rsgowski  loops  end  voltage  dividers  for 
measuring  the  diode  voltage  and  current,  vQ  and  ij, 
respectively;  and  the  voltage  across  and  net  current 
through  the  discharge,  Va  and  1^  respectively.  Blue 
cellophane  and  film  techniques  wsre  used  to  verify 
the  time  integrated  been  uniformity. 


1*7 


Slnqla-Pulaa  Ixparlmantal  Data 

For  tha  * witch  c oncapt  that  wa  hava  daacribad, 
tha  following  paraaatara  ara  important:  currant 
gain,  raaiativity.  twitch  currant  fall  tima  and 
rscovary  charactarlatica.  Alao  of  ia^ortanca  ia  tha 
affact  of  anarqy  deposition  on  thaaa  paraaatara. 
Switch  parforaanca  ia  expected  to  improve  aa  tha 
praaaura  ia  increased.  Aarafora,  tha  axperiaents 
wara  focuaad  on  tha  accumulation  of  data  to 
detaralna  hgw  p,  rj,  and  £  vary  with  gaa  coopoaition 
and  praaaura.  Aeae  aaaauraaanta  ara  alao  nacessary 
to  undaratand  tha  baaie  phyaical  procaaaaa  involvad 
in  tha  switch  and  to  provlda  input  for  thaoratical 
analyst  a  and  acaling.  wa  raport  priaarily  raaulta 
for  Oj-Nj  mixturaa  bacauaa  tha  atomic  and  molacular 
data  ara  battar  aatabliahad  than  for  othar  gaa 
mixturaa. 

An  example  of  raaulta  for  ona  diacharga  of  tha 
switch  using  a  20%  02-  80%  H2  mixtura  at 
1  atm  praaaura,  ia  shown  in  Fig.  (3).  Aa  incidant 
a-baam  currant  danslty,  waa  24  A/cm2.  Aa  top 
two  tracas  show  dioda  voltaga,  VQ,  and  currant  i0, 
whila  tha  infarrad  a-baam  currant  into  tha  switch, 

1  ,  is  in  tha  bottom  aaction  of  tha  figura.  Aa 
diffaranca  in  dacay  tima  batwaan  i0  and  i(  ia  dua  to 
plamsa  formation  in  tha  dioda  and  tha  anargy 
dapandant  transmisaion  of  alactrona  through  tha 
mylar  window.  Plasma  currant  through  tha  switch, 
ip  -  in-it,  and  voltaga  across  it,  Vd,  ara  shown  in 
tha  cantar  two  tracas.  p  la  plottad  aa  a  function 
of  tima  in  tha  bottom  aaction.  As  fast  fall,  low 
minimus  raaiativity  (  -  30  iJ-cm)  followad  by  a  fast 
risa,  rasult  in  good  switching  performance. 

Aa  quantities  pq  ,  T?*  and  e  ara  plottad  aa  a 

function  of  parcsnt  02  in  S2  in  Fig.  (4)  for  ja  in 

tha  ranga  2.S-6. 7  Vcm2.  Shown  alao  for  rafarsnca 

ara  tha  baam  risa  and  fall  timaa, 

B  s 

tr  and  tp  .  Aa  gaa  praaaura  was  1  atm.  A  a 
raaulta  indicata  that  02  concsntrationa  of  10-20% 
yiald  raaistivltias  of  200-300  Q-cm,  a  currant 
gain  ovar  10,  and  t  •  about  aqual  to  that  of  tha  a- 
basai.  I/P,  whara  I  is  tha  appliad  alactric  fiald 
and  P  is  aad>isnt  gas  praaaura,  was  10. S  V/cm-Arr  in 
this  caaa.  (to  lata-tlma  alact.rical  breakdown  was 
obaarvad. 

Aa  acaling  of  p  and  t  with  alactron  baam 
o 

currant  danaity  is  illustratad  in  Fig  (S).  A  p  as 

o 

small  aa  20  il-em  ig  obaarvad,  but  at  tha  sacrifica 


of  currant  gain.  Aasa  plots  ara  tha  rasult  of 
varying  ovar  a  wida  ranga,  using  tha  asms 
20%  o2  -  80%  n2  mixtura  discussad  aarliar.  Aa  data 
in  Pig.  (S),  dsmonatrata  that  must  b*  balow 
lOA/cm2  to  approach  e  -  10  for  this  gas  mixtura  at 
p  «  1  atm. 

Fig.  (6>  illustratas  tha  affact  on  tha  nat 
currant  in  tha  diacharga  whan  tha  praaaura  is 
incraaaad  from  1  atm  to  3  atm  for  a  20%  02 
concantration  in  N2,  and  I/P  •  10. S  v/cm-Arr. 


200' 


> 

jt 

~Q 

> 


20%  02  IN  80%  N2 
j#  “  24  A/ cm2 


aingla  shot. 


I4S 


PlQ-cm)  ip(A)  )d(A) 


The  input  e-beaa  current  was  the  same  in  both  cases. 

An  illustration  of  how  o  changes  with  pressure 
o 

is  shorn  in  Fig.  (7)  whsrs  p^  is  ploetad  against  P 
with  constant  E/P  ■  10.5  V/cm-Torr  and 
j  »  5.0  t  0.3  A/cm2.  Bis  data  show  that  for  02 
concsntrations  up  to  20*.  Po  changss  littls  with 
prassurs.  This  is  most  likely  because  the  duration 


Figure  4.  Dependence  of  pQ,  tJ,  and  c  for  various 
percentages  of  02-N2. 


of  the  e-beam  pulse  is  too  short  for  the  discharge 

to  reach  equiiibritm  at  the  lower  percentages  of  the 

attaching  gas.  as  explained  in  what  follows. 

P  changes  substantially  with  P  for  highar 
o 

concentrations.  In  Fig.  (8)  t?*  is  plotted  versus  P 
for  Oj  concentrations  of  10,  20,  and  50%  in  Nj.  E/p 
was  10.5  V/cm-Torr;  J  was  5.0  ±  0.3  A/cm2. 


resistivity,  p  , -and  currant  gain,  e,  as  a  function 
o 

of  beam  currant  density, 


Figure  6.  Effect  of  ambient  gas  pressure  on  switch 
currant  time  history. 


Me  illustrate  tha  dependence  of  currant  gain  on 
pressure  with  the  data  presented  in  Fig.  (9)  for  5% 
02  in  Nj.  E/P  was  10.5  V/cm-Torr  and  J,  was 
5.0  ±  0.3  A/cm2  as  before,  c  increases  from  7.6  to 
11.8  when  pressure  is  increased  from  1  to  3  atm. 
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(n») 


Figure  8.  Effect  of  ambient  switch  pressure 
on  Tj  . 


t  cherecterites  the  discharge  please  electron 
lost  rete.  The  twitch  resistivity  is  given  by 


0 


(en  u) 
P 


-1 


(5) 


where  u  is  the  electron  mobility.  Mininas 

resistivity,  p  ,  is  attained  when  the  left-hand 
Bin 

side  of  Bq.  (4)  goes  to  zero.  This  yields  upon 
substitution  in  Bq.  (S) 


B«inTf  ’  <*SVP>'1 


S.WU 


(6) 


where  the  product  (up)  is  a  function  of  gas 
composition  and  the  field  paraanter  E/P.  Depressing 
the  switch  plasma  current  density  as 


i 


p 


E/P 


min 


leads  to 


(7) 


current  gain. 


as  Figs.  ( 4 ) -( 9 )  indicate,  trade-offs  exist 

between  obtaining  low  resistivity  p  ,  short  fall 
e  ° 

times,  tf  ,  and  high  current  gains,  c.  These  trade¬ 
offs  can  be  understood  by  expressing  the  continuity 
equation  for  the  discharge  plasma  electron  density, 

np,  «• 


3  j  P  -  n  T. 
s  p  f 


(4) 


where  the  beaai  ionisation  parsamter  3  depends  on  the 
e-besai  energy  and  gas  coaposition  and  where 


tpmln  ’  \Ut/t)  (8) 

and 

\  *  P  ffl/P)  •  t9) 

where  switch  current  gain  £  •  .  Ireakdovn 

limitations  constrain  the  field  paraiaater  to  E/P < 
10  V/cm-Torr. 


gas  pressure  on  the  product  (p  T*). 

o  r 
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S)i.  (6),  (8),  and  (9)  describe  the  qualitative 
behavior  of  e-beam  controlled  awl tehee.  These 
scaling  relationships  re  valid,  however,  only  if 
the  e-beam  pulse  parsii  s  for  a  tine  longer  than 
rf  and  shuts  off  In  a  time  shorter  than  Tf.  The 
impact  of  this  restriction  can  be  seen  by 

contrasting  Bq.  (8)  with  Pig.  (101,  in  which  the 

a 

product  0oTr  is  plotted  for  three  different  gas 

pressures  as  a  function  of  Oj  concentration.  Since 

electron  eobllity  in  Nj  and  02  is  similar,  Bj.  (6) 

predicts  that  t ^  is  nearly  constant 

Independent  of  gas  pressure,  P,  or  Oj 

concentration.  St  low  concentrations  of  the 

attaching  gas  02,  T  becomes  long  compered  with  the 

beam  duration,  and  hence  o  never  reaches  p  ,  . 

o  min 

Similarly,  at  high  concentrations  and/or  high 
pressures,  becoeme  sea  Her  than  the  beam  fall 
time i  as  a  result  the  estimated  switch  fall  time, 
r  •  ,  approaches  the  beam  fall  time  rather 
than  this  effect  la  also  seen  in  the  data  in 
Fig.  (4)  ,  where  approaches  t*  at  high  02 
concentrations . 


Late-Time  Breakdown 


One  possible  failure  mode  for  the  e-beam  switch 
whan  operated  repetitively  is  breakdown  involving  a 
self-sustaining  arc  from  which  the  switch  could  not 
recover.  Me  observe  that  in  soma  cases  breakdowns 
do  occur  late  in  time,  well  after  the  e-beam  has 
been  turned  off.  this  phenomena  is  described  with 
the  aid  of  Pigs.  (11)  and  (12). 


switch  gas,  as  a  function  of  tlms. 


In  one  curve  of  Pig.  (11)  the  parameter  I/P  is 
plotted  versus  time,  beginning  with  the  ambient 
K/P  •  13  v/cm-Torr.  E/P  decreases,  during  the  rise 
of  current  in  the  switch,  to  a  minimus  of  2.5  V/cse- 
ttorr.  It  then  reverses,  crosses  the  ambient  line 
and  peaks  at  21.5  V/cm-Tbrr,  before  declining  to  the 
ambient  of  13  V/cm-Torr  at  440  ns.  At  a  much  later 
time,  720  ns,  the  switch  breaks  down  discharging  the 
system.  The  second  curve  is  a  plot  of  resistive 
energy  deposited  in  the  switch  per  unit  volimw,  W. 

At  the  time  of  breakdown,  w  attains  a  value  of  Wg. 
The  occurrence  of  breakdown  at  late  times,  i.e. , 
long  after  t/P  peaks,  suggests  that  breakdown  is 
influenced  more  by  deposited  energy  than  transient 
E/P. 

This  effect  is  seen  in  Pig.  12  in  which  a  plot 
of  wa  as  a  function  of  P  for  B/P  *  11  V/cm-tbrr  is 
shown  for  air  and  for  a  mixture  of  10%  02  in  N2- 
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Figure  12.  Breakdown  energy  per  unit  volume  for  10% 
02  in  Mj  and  air. 


Shown  also  on  the  curve  is  one  point  from  Ref.  12 
obtained  in  an  experiment  where  P  -  0.13  atm.  This 
point  lies  on  a  straight  line  extension  of  our 
data.  The  exact  mechanisms  responsible  for  late 
time  breakdown  will  require  further  study. 


Double-Pulse  Experiments 


Some  of  the  problems  associated  with  repetitive 


operation  vara  investigated  in  a  double-pulse 
experiment.  The  principal  objective  was  to  confirm 
that  twitch  charactariatics  ara  tha  same  for  tha  two 
pulaee.  Tha  circuit  of  Fig.  (2)  waa  ueed  with  two 
pulaa  forming  natworlca. 13  Tha  aacond  pulaa  waa 
couplad  through  a  solid  dialactric  axploaiva 
twitch.  Two  pulaaa,  aaparatad  by  300  u-sec,  wara 
appliad  to  tha  e-beam  dioda  to  produca  two  diatinct 
succaaaiva  ionizationa  of  tha  switch  gat.  Tha 
switch  waa  filled  with  50*  COj-50%  Ar  with  P  -  1  atm 
and  B/F  •  10.5  V/ca-Torr.  Tha  currant  and  voltage 
diagnostics  described  previously  wara  used  to 
observe  switch  parforaance.  The  switch  was  obearved 
to  turn  on  and  off  with  approximately  the  same 
characteristics  for  both  pulses.  These  observations 
indicate  that  the  switch  can  be  turned  on  and  off  at 
least  twice.  Ha  expect  similar  results  for  pulse 
trains,  but  esphasize  tha  importance  of  energy 
deposition  limits  on  late  time  beakdown. 

Ooncluslons 

Ms  have  presented  a  concept  for  a  repetitive 
e-beam  switch  and  supported  it  by  experimental 
data.  Tha  data  indicate  that  an  optimum  balance 
between  several  contradictory  requirements  may  be 
realized  by  proper  choice  of  gas  mixture  and 
operating  pressure,  we  expect  to  continue  this 
research  effort  by:  1)  studying  tha  affects  of 
increasing  prassura  on  critical  parameters,  2) 
studying  tha  affect  of  energy  deposition  on  pulse- 
train  switch  operation,  3)  seeking  optimum  gas 
mixtures,  and  4)  obtaining  a  switch  conduction  time 
of  1  usee. 

We  wish  to  acknowledge  the  e^ert  support  of  H. 
Ball,  L.  Niles  and  J.N.  Cameron  in  obtaining  tha 
data.  This  work  was  supported  by  the  Naval  Surface 
weapons  Center,  Oshlgren,  Va.  and  Office  of  Naval 
Research,  Arlington,  Va. 
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SUMMARY 

The  breakdown  mechanism  of  multichannel 
surface  discharge  switches  were  studied 
experimentally  and  theoretically.  Experi¬ 
ments  have  been  carried  out  using  N,  and 
other  gases  at  pressures  ranging  from  one  to 
five  atmospheres.  Several  different  di¬ 
electric  materials  were  used  as  substrates, 
having  plain  and  cylindrical  surface 
geometries.  The  observed  results  were  inter¬ 
preted  by  a  physical  model  which  was 
developed  for  this  purpose.  In  the  model, 
the  major  physical  processes,  i.e.  electron 
production,  electron  loss  and  diffusion, 
were  treated  in  the  presence  of  the  di¬ 
electric  surface.  In  addition,  electron 
losses  due  to  electron  traps  on  the  di¬ 
electric  surface  has  also  been  taken  into 
consideration.  The  model  yields  an  analytic¬ 
al  expression  for  the  breakdown  voltage  of  a 
given  surface  spark  gap.  For  the  cases 
studied,  the  model  predictions  fit  the 
observed  results  reasonably  well.  Based  on 
the  information  obtained  from  this  study, 
several  prototypes  of  pulse  charged  multi¬ 
channel  surface  switches  were  constructed. 
Because  of  their  multichannel  character,  the 
inductance  of  these  switches  is  considerably 
lower  than  that  of  single  channel  switches. 
The  holdoff  voltage  of  the  prototypes  ranged 
up  to  200  kv  under  500  ns  risetime  pulsed 
voltage  conditions.  The  lifetime  was  found 
to  be  in  access  of  10  million  shots  at  6  mC 
per  shot,  which  represents  a  total  charge 
transfer  of  over  60  thousand  Coulombs. 

1 .  I ntroduction 

As  demands  for  switches  which  are 
capable  of  switching  large  currents  with 
fast  risetime  have  been  steadily  growing, 
workers  in  the  field  of  high  power  pulse 
technology  have  been  looking  at  multichannel 
switches  as  one  of  the  possible  devices  that 
can  meet  this  demand. 

Multichannel  railgap  switches  have  been 
well  studied  and  widely  used. in  high  power 
pulse  field  in  recent  years.  "5  Their  per¬ 
formance  ,  however ,  have  indicated  that  such 
switches  usually  require  high  voltage  fast 
trigger  pulses  to  initiate  multichannel 
breakdown.  These  switches  also  have 
difficulty  achieving  subnanosecond  current 
jitter.  On  the  other  hand,  recent  work 
has  demonstrated  that  subnanosecond  jitter 
is  readily  achievalbe  by  Multichannel  Surface 
Discharge  Switohes  without  fast  risetime 
high  voltage  trigger  pulses.  7 

The  use  of  Multichannel  Surface 
Discharge  Switches  in  the  high  power  pulse 
field  was  first  reported8  in  1977.  Since 
then  a  fair  amount  of  research  and  develop- 
ient  work  has  been  carried  oyt.by  many 
institutions  and  industries.  A  common 

shortcoming  associated  with  such  switches 
in  the  past  has  been  substrate  and  electrode 
erosion,  which  limited  the  useful  Ilfs  to 
10-10*  shots  at  high  power.  Various 


attempts  have  been  made  by  investigators  to 
deal  with  this  problem.  One  of  the  common 
approaches  has  been  to  select  the  best 
dielectric  material  by  trial  and  error,  which 
on  the  one  hand  caused  multichanneling  and 
on  the  other  withstood  the  very  high  plasma 
channel  temperatures  without  significant 
deterioration.  Although  some  improvements 
have  been  achieved  by  this  approach,  long 
life  of  surface  switches  could  still  not  be 
made  reliably. 

It  has  been  suggested  that  further 
improvements  in  the  lifetime  of  these 
switches  may  be  made  by  separating  the  sub¬ 
strate  from  the  electrodes  sufficiently  far 
enough  to  reduce  the  plasma  erosion  of  the 
surface  signif icantly.  The  problem  found 
with  this  approach  was  that  it  effected  the 
multichannel  performance  of  the  switch  in 
unpredictable  ways.  The  unpredictability 
stemmed  from  the  lack  of  knowledge  about  the 
effect  of  surfaces  on  plasma  channel  dis¬ 
charges.  Prior  to  the  work  carried  out  in 
our  laboratory,  there  could  be  no  information 
found  about  the  role  a  dielectric  surface 
played  in  a  discharge,  as  to  how  the  substrate 
effected  the  breakdown  voltage,  or  how  it 
helped  channel  formation  in  a  high  electric 
field.  The  present  work  is  part  of  a 
continuing  effort  in  our  laboratory  to  gain 
basic  understanding  of  the  relationship 
between  the  dielectric  surface  and  the  per¬ 
formance  of  a  Multichannel  Surface  Discharge 
Switch.  The  final  goal  of  this  work  is  to 
design  a  variety  of  practical,  long  lifetime 
fast  switches  with  optimum  performance  and 
characteristics . 


2.  The  Effect  of  A  Surface  on 
Breakdown  Voltages 

The  influence  of  the  dielectric  surface 
on  the  performance  of  surface  discharge 
switches  were  experimentally  tested  on  the 
basis  of  the  physical  model  proposed 
recently.  2  According  to  the  model,  the 
basic  effect  of  a  dielectric  surface  is  to 
enhance  the  charge  density  in  the  gap.  The 
effect  may  be  described  in  terms  of  two 
competing  factors.  One  is  the  volumetric 
effect  and  the  other  is  the  diffusion  effect. 
The  mathematical  expression  describing  the 
charge  density  in  terms  of  these  effects  is 
in  the  form  of 


n  -  Jl  Jo  (-42I£> exploit  n0 


(1) 


In  the  expression,  n  is  the  charge  density 
in  the  gas  between  the  electrodes,  R  is  the 
distance  between  the  surface  and  electrodes, 
G  and  n  are  constants  and  may  be  determined 
experimentally,  J  is  the  zero  order  Bessel 
function,  r  is  the  spatial  coordinate,  t  is 
the  time  after  the  field  is  switched  on,  t 
is  the  time  at  which  the  surface  charge  ° 
density  on  the  dielectric  reaches  its 

saturated  value  n  ,  x  is  a  time  constant  and 
o 
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is  defined  by 


i  -  f  -  r 

T  c  R 


-  i2'-40-'  D.  (2) 

In  (2)  f  is  the  net  rate  of  electron  prod¬ 
uction  and  D  is  the  electron  diffusion  co¬ 
efficient.  Both  are  assumed  to  be  constant. 


R 


I 

Front  view 


The  second  expression  obtained  from 
the  model  gives  the  breakdown  voltage  of 
given  surface  spark  gap  in  terms  of  the 
distance  R  and  other  variables.  Its 
analytical  form  is 


3Lr2  J° 


(^>exp( 


t-t  -l'1 

V>+no] 


(3) 


where  a  is  a  constant  to  be  determined 
experimentally.  Equation  (3)  is  plotted  in 
Figure  3.  The  solid  curve  is  calculated 
from  Equation  (3)  while  the  open  circles 
are  the  experimental  results.  The  experi¬ 
ments  were  carried  out  under  atmospheric 
pressure  of  dry  air  using  a  set-up  shown  in 
Figure  1.  The  substrate  was  quarts.  The 
voltage  was  increased  slowly  until  breakdown 
occured.  The  breakdown  voltages  were 
measured  at  various  values  of  R  while  all 
other  conditions  were  kept  constant. 


Top  view 


Figure  1  Schematic  diagram  of  typical  experi¬ 
mental  setup  showing  the  electrodes 
and  the  substrate. 

For  an  experimental  setup  similar  to 
that  shown  in  Figure  1,  expression  (1), 
predicts  that,  as  the  distance  R  between  the 
surface  and  the  electrodes  increases,  the 
effective  volume  R2  appearing  in  the 
denominator  of  the  first  term  also  increases 
hence  the  charge  density  decreases.  At  the 
same  time,  as  R  increases  the  exponential 
term  increases,  which  increases  the  charge 
density  as  a  result  of  the  increased 
electron  diffusion  length.  The  net  result 
is  shown  in  Figure  2.  From  the  figure  we 
can  see  that  at  R“R„,  the  charge  density  is 
maximum. 


substrate  distancs. 


Vt(kV) 


Figure  3  Breakdown  voltage  as  a  function  of 
substrate  distance  for  quartz 
substrate . 

From  this  result,  we  can  see  that  as 
the  value  of  R  increases  from  zero,  the 
breakdown  voltage  decreases,  reaches  minimum 
at  R»R_,  then  it  increases.  At  large  or 
very  small  values  of  R,  the  breakdown 
voltage  approaches  the  static  breakdown 
voltage  V  .  It  is  quite  clear  that  the 
general  effect  of  the  dielectric  surface  on 
the  spark  gap  is  to  lower  its  breakdown 
voltage.  The  extent  of  the  lowering  depends 
on  the  electrode-substrate  distance, 
reaching  its  peak  value  at  R^R^. 

3.  Multichanneling 

Investigation  of  multichannel  behaviour 
of  the  surface  discharge  switch  were  carried  r 
out  under  pulse  charged  conditions.  The  / 
schematic  diagram  of  the  experimental  set-up  1 
is  shown  in  Figure  4.  In  the  experiments,  v 
voltage  pulses  were  formed  by  discharging 
the  storage  capacitor  C  through  the  pulse 
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forming  network.  The  rate  of  rise  of  the 
impulsing  voltages  at  the  surface  discharge 
switch  ranged  from  0.1  kV/ns  to  0.3  kV/ns 
with  a  maximum  peak  value  of  68  kV.  The 
switch  was  filled  with  gases  of  N,«  SF,  and 
air  at  pressures  ranging  from  0  to  30  PSIG. 


switch 


PFN 


spark  gap 


Figure  4  Schematic  diagram  of  the  pulse 
charged  switch  experiment. 

Under  pulse  charged  condition  it  was 
found  that  the  total  number  of  plasma 
channels  in  a  given  surface  disc  *rge  switch 
could  be  approximately  expressed  by 
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In  the  expression,  K  a 


(4) 


B(ti-tr) 

-  tr  are  risetimes  of  the  current 

voltage  pulses  respectively  and  B  is  a 

u  is  the  electron 


and  a  are  parameters 
which  may  be  determined  experimentally,  S 
is  the  rate  of  voltage  rise  and  is  assumed 
to  be  a  constant  for  a  given  voltage  pulse, 

At  is  defined  as 

At  -  B(t.-tr)  (5) 

here  t;  and 
and 

proportionality  constant, 
mobility. 

An  inspection  of  (4) ,  shows  that  the 
number  of  channels  is  closely  related  to  the 
static  breakdown  voltage  V  .  As  v  de¬ 
creases,  the  number  of  channels  increases. 
From  the  foregoing,  we  saw  that  the  general 
effect  of  a  dielectric  surface  in  a  gas 
spark  gap  is  to  lower  the  static  breakdown 
voltage,  therefore  it  follows  that  the 
effect  of  the  dielectric  surface  is  also  to 
increase  the  number  of  channels.  Now,  as 
V„  is  closely  related  to  R,  in  order  to 
achieve  the  optimum  number  of  channels  in  a 
surface  discharge  switch,  a  proper  electrode¬ 
substrate  separation  is  crucial. 


Sf(kV/n$) 

Figure  S  The  number  of  channels  as  a 

function  of  voltage  risetime. 
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The  number  of  channels  as  a  function  of 
the  voltage  pulse  risetime  is  plotted  in 
Figure  5,  and  the  same  number  of  channels  as 
a  function  of  the  static  breakdown  is  plotted 
in  Figure  6.  The  values  of  A,  a  and  t  were 
determined  experimentally.  In  Figure  5,  the 
solid  curves  are  calculated  from  Equation  (4) 
and  the  symbols  are  the  experimental  results. 


4 .  Surface  Deterioration 

Surface  deterioration  tests  were 
carried  out  with  impulsing  voltage  pulses. 

The  experimental  set-up  is  similar  to  that 
shown  in  Figure  4.  Dielectric  materials  of 
pc  board,  ceramics,  quartz,  teflon  and 
cermet  were  tested  respectively  under 
identical  conditions  of  10,000  shots,  10 
oscillations  per  shot,  200  Joules  per 
oscillation  and  with  R“0,  i.e.  the  substrates 
were  in  contact  with  the  electrodes.  The 
total  charge  switched  during  these  experi¬ 
ments  for  each  substrate  was  2x107j.  The 
electrodes  used  were  brass  with  an  edge 
radius  of  3  mm  and  the  conditions  of  the 
tests  were  P-15  PSIG  of  N,,  VQ-62  kV, 

R-l«,  d»1.25  cm.  Optical  microscopy  and 
electron  optical  analysis  have  been  made  on 
all  substrates  studied.  Some  typical 
results  are  shown  in  the  following  figures. 

In  Figure  7,  a  PC  board  substrate  is 
shown  after  10,000  shots  with  its  own  clad 
Cu  electrodes.  The  low  magnification 
picture  is  optical  and  the  other  three  are 
SEM  pictures.  There  are  light  and  dark 
areas  visible  on  the  substrate  along  the 
length  of  the  switch  which  is  typical  of  all 
substrates  used.  The  dark  area  corresponds 
to  heavy  discontinuous  material  deposition 
which  was  x-ray  analysed  in  the  SEM.  The 
analysis  showed  the  elements  Cu,  Si,  Ca  and 
A1 .  The  darker  areas  appear  to  be  eroded 
more  than  the  light  ones.  The  effect  is 
shown  in  the  two  low  mag.  SEM  pictures,  where 
the  glass  fiber  fabric  is  shown  exposed  for 
the  dark  area  and  less  exposed  for  the  light 
area.  The  former  picture  also  shows  the 
heavily  damaged  anode.  The  damage  appears 
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Figure  7  A  printed  circuit  board 
(A)  Optical  picture,  (B) 

to  be  caused  by  melting.  The  erosion  of 
the  glass  fibers  is  also  visible  in  the 
higher  mag.  SEM  picture.  Here  the  upper 
strands  appear  to  be  broken.  The  missing 
parts  have  likely  been  either  melted  and 
evaporated  or  have  been  sputtered  by  the 
hot  plasma  column. 

In  Figure  8  a  ceramic  substrate  is 
shown  after  10,000  shots  in  a  similar 
fashion  as  that  of  the  PC  board.  Here  the 
electrodes  were  brass  and  are  not  part  of 
the  picture.  The  white  vertical  lines  in 
the  optical  picture  are  breaks  which  were 
caused  by  demounting  the  substrate  from  its 
holder.  The  cathode  and  anode  positions 
are  marked.  Here  again  light  and  dark 
areas  are  seen.  The  dark  areas  were 
analysed  to  contain  Cu,  Zn,  A1  and  Si.  The 
light  areas  contained  A1  and  Si  only.  The 
light  areas  also  appear  to  contain 
partially  melted  substrate  material.  This 
is  seen  in  the  x80  picture .  A  closer 
inspection  of  this  also  reveals  cooling 
cracks  in  the  molten  region.  The  x800 
image  shows  part  of  the  molten  zone.  The 
fingerlike  objects  were  analysed  to  contain 
A1  and  Si  only.  The  small  spheres  in  the 
x4 3  picture,  located  outside  the  plasma 
track  were  analysed  to  be  Cu  and  Zn.  They 
form  a  discontinuous  layer  from  electrode 
to  electrode.  It  has  also  been  observed 
during  life  testing  that  the  light  and  dark 
areas  shift  with  time,  i.e.  the  line 
containing  electrode  metal  deposit  at  one 
time  may  be  eroded  down  to  the  substrate 
some  few  minutes  later.  During  the  same 
time  some  light  areas  may  change  to  dark. 


(B)  X  43 


(D)  X  90 


substrate  after  10,000  shots. 

(C)  (D)  SEM  pictures 

In  Figure  9  a  cermet  layer  of  approx¬ 
imately  50  micrometers  thick  is  covering 
an  alumina  substrate.  The  composition  of 
the  layer  is  SnO,  and  borosilicate  glass. 

The  damage  after*10,000  shots  is  quite 
similar  to  that  seen  in  Figure  8  for  bare 
ceramic.  Here  again  the  breaks  have  been 
caused  by  demounting.  In  the  x!6  image, 
erosion  of  the  sintered  oxide  layer  down  to 
the  bare  substrate  is  visible.  The  x80 
picture  shows  metal  particle  deposition  on 
the  right  hand  side  (dark  area)  and  its 
absence  in  the  left  hand  side.  The  SEM 
analysis  this  time  showed  the  elements  of 
Cu,  Zn,  Sn,  A1  and  Si  as  expected.  The  x90 
picture  shows  two  merged  eroded  channels 
terminating  at  the  anode  (bottom) .  The 
heavy  roughness  outside  the  channel  region 
was  determined  to  be  electrode  material . 

Quartz  and  teflon  showed  quite  similar 
features  to  the  others  shown  here,  except 
that  on  quartz  the  electrode  metal  deposition 
was  more  pronouned  than  of  the  teflon.  This 
is  not  surprising,  as  a  quartz  surface  has 
a  high  afinity  to  metal  vapors  while 
that  of  teflon  is  nearly  zero.  Also,  teflon 
eroded  much  more  than  quartz. 

The  general  observation  from  experiments 
is  that  during  channeling,  there  are  two 
simultaneous  processes  taking  place.  One 
is  the  deposition  of  electrode  material  on 
the  substrate,  which  forms  a  dark  coating 
on  the  substrate  and  the  second  is  the 
removal  of  the  substrate  surface  which 
cleans  the  metal  deposit  from  it.  Per¬ 
formance  of  the  switch  can  thus  deteriorate 
in  two  ways.  One  is  when  the  rate  of 
electrode  material  deposition  is  greater 
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than  the  substrate  surface  erosion  which 
leads  to  chort  circuit  (short  circuit 
resistance  of  several  megohms) .  The  other 
is  the  excessive  depth  of  erosion  of  the 
substrate,  which  in  itself  would  not  be 
detrimental,  but  because  it  is  not  generally 
uniform  along  the  length  of  the  MSG,  it  leads 
to  nonuniform  channeling. 

Another  observation  is  that  when  sub¬ 
strates  are  in  contact  with  the  electrodes, 
there  is  an  excessive  amount  of  material 
loss  from  the  surface  of  the  substrate,  but 
when  they  are  removed  to  a  distance  of  a  few 
millimeters,  the  erosion  decreases  to 
acceptable  values.  Results  on  teflon  are 
shown  in  Figure  10. 
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Figure  10  Number  of  channels  and  substrate 

damage  as  a  function  of  substrate- 
electrode  distance  for  teflon 
substrate. 

Table  1  is  a  summary  of  typical  test 
results  on  substrates  which  were  in  contact 
with  the  electrodes.  Before-test  and  after- 


5.  Options  and  Limitations 
for  Switch  Design 

In  view  of  the  information  presented 
above,  it  appears  that  there  is  always  some 
conflict  between  competing  characteristics 
of  the  switch  and  that  this  competition  may 
profoundly  influence  performance .  For 
example,  if  one  chooses  to  keep  the  surface 
close  to  the  substrate,  e.g.  at  R«R_  to 
obtain  the  maximum  number  of  channels,  the 
holdoff  voltage  becomes  minimum,  and  the 
surface  damage  will  be  severe.  On  the  other 
hand,  increasing  R  beyond  Rr|  will  decrease 
the  number  of  channels,  but  will  increase 
the  holdoff  voltage  and  decrease  the  surface 
damage .  Therefore  the  design  of  a  practical 
switch  involves  several  compromises  amongst 
conflicting  factors.  Such  designing  is  now 
possible  using  the  formuli  derived  from  the 
present  model. 

Using  the  present  model,  we  have 
designed  and  constructed  several  versions  of 
Multichannel  Surface  Discharge  Switches. 

Each  of  them  has  some  special  features  in 
order  to  meet  specific  applications.  One  of 
the  verions  is  shown  in  Figure  11.  This 


Figure  11  Photograph  of  a  Multichannel 
Surface  Discharge  Spark  Gap. 
electrodes  are  40  cm  long. 
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test  values  of  V.,  and  N  are  presented 
together  with  the  total  volume  of  material 
loss.  The  loss  rate  of  the  brass  electrode 
is  also  included.  Note  that  teflon  suffered 
the  greates  material  loss,  but  suffered 
the  least  deterioration  in  and  is  a  close 
second  to  quartz  in  N.  Teflon  appears  to  be 
a  good  candidate  for  a  commercial  switch 
with  long  life. 

Table  1 

Lifetesting  results  for  various  substrates 
and  brass  electrodes  after  10,000  shots, 

2x10 7  Joules. 
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particular  switch  is  designed  primarily  to. 
high  voltage  pulse  charged  applications  e,g. 
large  scale  excimer  lasers.  The  switch  con¬ 
sists  of  2  pairs  of  20  cm  long  electrodes, 
and  the  average  number  of  channels  under 
normal  operating  conditions  at  75  kV  is  about 
30.  This  is  shown  in  Figure  12.  The  maximum 
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Figure  12  Open  shutter  photograph  of  a  single 
shot  multichanneling  along  one  pair 
of  the  20  cm  long  electrodes. 


holdoff  voltage  of  the  switch  is  140  kV  when 
it  is  filled  with  pure  SF,  gas.  It  also  can 
be  operated  with  Nj,  air  and  other  gases  or 
their  mixtures.  Some  typical  data  in  this 
regard  is  shown  in  Figure  13.  The  inductance 
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Figure  13  Holdoff  voltage  as  a  function  of 
gas  composition  and  voltage 
risetime  for  the  40  cm  switch 
with  d»2.5  cm  and  P*14  PSIG 

of  the  switch  is  less  than  20  nH  and  its 
lifetime  is  10  million  shots  at  6  mc/shot . 
The  current  jitter  is  less  than  1/2  ns.  The 
switch  can  be  triggered  reliably  without 
the  use  of  a  high  voltage  fast  trigger 
pulse  generator,  which  is  essential  for 
other  types  of  multichannel  switches. 

Figure  14  shows  the  switch  closing  event 
when  simply  triggered  at  different  points 


•d  at  various  points  near  the  top 
of  the  voltage  pulse. 


on  a  slowly  rising  impulsing  voltage  pulse. 

In  conclusion,  we  should  like  to  point 
out  that  there  are  several  design  factors 
which  may  critically  effect  the  performance 
of  a  surface  discharge  switch.  Primarily 
they  are:  the  physical  properties  of  the 
substrate  and  the  electrodes,  the  dimensions 
and  the  geometry  of  these  and  the  physical 
layout  of  the  switch.  Fortunately,  the 
present  model  provides  quantitative  guide¬ 
lines  for  the  design  of  switches  with 
respect  to  these  factors  and  enable  us  to 
construct  switches  for  specialized  applica¬ 
tions  with  predictable  and  reliable 
performance . 
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Summary 

Dielectric-vacuum  surface  flashover  switches  were 
developed  and  tested  as  a  means  to  switch  a  coaxial 
water  Blumleln.  The  Blumleln  was  charged  to  as  much 
as  ISO  kV  (250  kV  In  self-break  tests)  and  the  switch 
was  required  to  trigger  with  nanosecond  jitter  and 
carry  up  to  30  kA  for  50  ns  with  a  20  ns  rise. 
Recovery  time  was  of  Interest  as  an  Indicator  of  very 
high  repetition  rate  capability. 

Plastic  and  alumina  surface  switches  were  tested 
with  charge  times  ranging  from  0.2  to  20  ft  s  and  with  a 
variety  of  field  distortion  trigger  conf Igurations. 
Plastic  switches  achieved  RMS  jitters  from  less  than  1 
ns  to  a  few  ns  and  alumina  switches  from  a  few  ns  to 
tens  of  ns.  Alumina  recovered  much  faster  (In 
100-200/is)  than  plastic  (l-2ns)  and  showed  less 
surface  wear.  Switch  closures  were  almost  always 
single  channel  and  rlsetimes  were  from  15-30  ns 
10-90%. 

The  results  show  that  a  vacuum-dielectric  surface 
flashover  switch  has  potential  as  a  fast-rise  low 
jitter  switch  In  the  1-10  kHz  range,  although  further 
tests  In  true  nultl pulse  operation  (rather  than  single 
pulse  and  recovery  tests)  are  needed  to  demonstrate 
this. 


Introduction 

The  flashover  of  a  vacuum-dielectric  surface  was 
of  Interest  as  a  mechanism  for  high  repetition  rate 
(  >  1kHz)  low  jitter  (^  1  ns)  high  dl /dt  (>UA/ns) 
switching  because  It  was  felt  that  the  flashover  might 
be  followed  by  rapid  recovery  of  Insulation  strength 
as  In  the  case  of  a  pure  vacuum  discharge.  Switches 
using  pure  vacuum  have  not  so  far  achieved  the 
necessary  low  jitter  or  rapid  rise  of  current. 
However,  the  presence  of  the  dielectric  surface  should 
supply  a  rapid  triggering  and  breakdown  mechanisn  and 
thus  make  ~1  ns  jitter  possible.  Many  exoerlmenters 
have  found  that  the  flashover  of  a  vacuum-dielectric 
surface  produces  a  nanosecond-like  transition  to  very 
low  Inpedance  with  negligible  pre-breakdown  current. 
One  desirable  consequence  of  this  Is  that  very  little 
energy  Is  deposited  In  the  discharge  or  on  the 
dielectric. 

Vacuum  surface  flashover  occurs  at  a  critical 
field  that  Is  fairly  reproduclbl e ,  Independent  of 
electrode  spacing,  and  only  weakly  dependent  on  the 
voltage  duration  In  the  range  10  nsec  to  lOyusee. 
These  properties  make  It  suitable  for  use  in  a 
three-electrode  field-distortion  switch.  An  Important 
aid  to  breakdown  under  trigger  should  be  available 
because  the  breakdown  field  Is  a  strong  function  of 
the  anqle  between  the  electric  field  and  the  surface, 
Fig.  1*.  It  can  be  arranged  that  the  trigger  pulse 
both  Increase  the  field  and  re-orient  It  from  the 
direction  In  which  the  surface  Is  strong  to  the 
direction  In  which  It  Is  weak. 


*  Work  supported  by  Lawrence  Llvennore  National 
Laboratory. 


Figure  1.  Effect  of  angle  on  30ns  flashover  of  epoxy  cone. 

(From  Ref.  1) 

A  conical  switch  surface  was  chosen,  since  this 
could  withstand  the  charge  voltage  over  the  shortest 
distance.  It  was  decided  to  test  both  an  inside  and 
an  outside  surface,  since  In  the  coaxial  geometry  the 
magnetic  forces  would  push  the  discharge  away  from  the 
surface  in  the  first  case  and  onto  It  In  the  second; 
In  practice  no  difference  In  results  could  be  ascribed 
to  this.  Most  of  the  tests  were  made  with  the  trigger 
electrode  In  the  vacuum,  though  some  used  a  trigger 
entirely  embedded  In  the  plastic.  It  was  desired  to 
test  with  trigger  electrode  locations  near  the  anode 
and  the  cathode.  Tests  began  with  plastic  surfaces, 
which  could  be  readily  formed  and  reshaped.  After 
experience  was  gained  with  these,  alumina  was  tested. 
Some  experiments  were  done  with  a  liquid  film  on 
alumina. 


Apparatus 

The  tests  were  done  on  the  LLNL  Switch  Test  Stand 
developed  In  the  ETA-ATA  program.  This  Includes  a 
vertical  water  Blumleln,  the  high  voltage  electrode  of 
which  ends  at  a  large  Lexan  Interface  designed  to  hold 
off  the  250  kV  as  It  passes  down  Into  a  large  vacuum 
tank.  Fig.  2,  which  Is  pumped  by  a  6  In.  diffusion 
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pump.  The  switch  surfaces  were  mounted  below  the 
Lexan  Interface  with  a  low  Inductance  path  to  the 
grounded  tank.  The  trigger  pulse  entered  the  vacuum 
tank  from  below. 

The  most  tests  were  done  with  annular  switch 
bodies  like  that  shown  In  Fig.  2.  The  discharge 
surface  was  usually  the  Inside  surface,  but  the 
trigger  electrodes  could  also  be  placed  on  the  outside 
surface.  The  trigger  electrode  consisted  of  two 
diametrically  opposite  steel  blades  about  1/4  In.  wide 
with  sharp  ends  placed  about  1/8  In.  from  the  surface, 
at  1/4  In.  from  the  ground  end. 

At  first  the  Slumleln  was  charged  by  a  resonant 
air-core  transformer  that  created  an  Initial  negative 
voltage  rising  In  8yus  followed  by  a  larger  positive 
peak  at  a  total  time  of  20yus.  Later  an  Iron-core 
transformer  was  used  to  provide  a  positive  voltage 
rising  In  2^*s.  A  magnetic  compression  stage  between 
the  transformer  and  the  Blumleln  was  used  to  reduce 
the  charge  time  to  about  0.2yi»s. 

The  drive  to  the  transformer  was  provided  by  a 
capacitor  switched  In  by  a  thyratron.  The  trigger 
pulse  was  provided  after  a  pre-set  delay  by  a 
thyratron-drlven,  stacked-cable  generator  employing 
ferrite  stage  Isolation.  To  test  switch  recovery,  a 
second  charge  pulse  could  be  provided  by  a  second 
capacitor  thyratron  combination,  but  there  was  no 
provision  for  a  second  trigger  pulse. 

Switch  voltage  was  measured  with  a  capacitive 
probe  In  the  water,  and  switch  current  by  a  stainless 
steel  viewing  resistor  In  the  ground  return.  Both 
diagnostics  had  nanosecond  resolution. 


Plastic  Switch  Tests 


Luclte  and  Delrln  surfaces  were  tested  In  the 
annular  configuration  of  Fig.  2.  The  switches  were 
triggered  near  the  first  negative  peak  of  the  resonant 
transformer  waveform.  This  polarity  makes  the  cone 
angles  positive  In  the  convention  of  Reference  1,  and 
gives  the  highest  breakdown  fields.  The  trigger 
electrode  was  held  at  ground  during  charge,  reasoning 
that  Its  positive  edge  would  not  emit  electrons  or 
spoil  the  field  angle.  A  negative  trigger  pulse  was 
expected  to  cause  electrons  to  be  sprayed  on  the  cone 
surface,  as  well  as  enhancing  the  field  and  reversing 
the  angle. 

The  1  1/4  In.  high  Internal  surface  self-broke  at 
Just  over  150  kv  on  average.  It  could  be  triggered 
with  a  few  ns  rms  Jitter  down  to  about  40  kV,  using  a 
trigger  pulse  of  about  100  kV.  Breakdown  times  were 
typically  30-60  ns.  Typical  results  for  Delrln  are 
shown  In  Fig.  3.  Jitter  Is  slightly  greater  at  40  kV 
and  125  kv.  Results  for  Luclte  were  similar. 

The  risetime  Is  closely  exponential  with  a  time 
constant  of  12-15  ns.  This  Implies  an  Inductance  of 
about  70  nH.  From  this  one  would  estimate  a  channel 
diameter  of  about  1  mm.  when  triggering  was  on  an 
external  surface  observation  through  a  viewport 
usually  showed  a  single  bright  channel  of  about  this 
size,  lying  straight  along  the  surface.  On  a  fresh 
surface  the  channel  was  not  straight  but  took  an 
erratic  bent  path,  and  longer  rlsetlmes  were  seen. 

Though  the  breakdown  was  not  always  at  the  same 
trigger  electrode.  It  only  formed  at  one  electrode  on 
each  shot.  This  would  be  expected  considering  the 
Jitter  Is  a  few  ns  and  the  first  channel  to  form  would 
rapidly  remove  voltage  from  the  other. 


Charge  voltage: 
20  kV/div 
5  M»/div 


5  pulses 
20  ns/div 


Current: 
3.3  kA/div 


5  pulses 
20  ns/div 


Figure  3.  Trigger  test  of  delrin  flashover  switch. 


The  use  of  a  trigger  electrode  embedded  In  the 
dielectric  was  tested  using  the  outside  surface  of  an 
epoxy  cone.  Fig.  4.  There  It  was  reasoned  that  a 
trigger  electrode  Intlally  grounded  should  be  placed 
near  the  cathode,  since  It  would  then  repel  electrons 
from  the  surface,  discouraging  breakdown.  When  driven 
by  a  positive  trigger  pulse,  the  trigger  electrode 
would  draw  electrons  to  the  surface,  Initiating  a 
breakdown  avalanche.  Therefore  the  switch  was 
triggered  on  the  positive  second  swing  of  the  resonant 
charge.  However,  the  switch  triggered  very  poorly; 
possibly  electrons  drawn  onto  the  surface  cancelled 
the  trigger  field  In  a  stable  fashion. 


Figure  4.  Epoxy  switch  with  embedded  trigger  electrode. 


It  was  found  that  a  negative  trigger  pulse 
applied  to  the  epoxy  switch  with  embedded  trigger 
during  the  first  or  subsequent  negative  swing  of  the 
charge  voltage  produced  sub-nanosecond  Jitter  over  a 
voltage  range  of  about  3:1.  Fig.  5  Illustrates  that 
multiple  pulses  cannot  be  distinguished  In  5  or  10 
shot  overlays  on  10  ns/div. 
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Trigger  applied  on 
second  cycle 

Charge  voltage: 

50  kV/div 
5  jis/div 


5  pulse* 
20  ns/div 

Current: 

3.3  kA/div 


10  pulses 
10  ns/div 


Figure  5.  Low  jitter  of  epoxy  flashover  switch. 


When  the  annular  switches  were  triggered  on  the 
Inner  surface,  the  recovery  time  was  controlled  by  the 
site  of  the  aperture  around  the  trigger  electrode.  If 
this  aperture  was  less  than  about  an  Inch  In  diameter. 
This  was  attributed  to  a  low  pumping  rate  which 
allowed  the  pressure  to  remain  high  following  the 
discharge.  Measurements  with  a  fast  Ion  gauge,  and 
also  with  the  pump  shut  off,  showed  that  a  few 
x  10*2  ntre-torr  of  non-condensable  gas  was  released 
by  the  plastic  surface  on  each  pulse. 

Repeated  firing  tended  to  remove  material,  making 
grooves  In  the  plastic.  Long  life  would  not  be 
expected  In  repetitive  operation. 


M umlna  Switch  Tests 

The  first  tests  with  alumina  were  made  with  the 
same  annular  shape  used  for  Luclte  and  Delrln  and 
shown  In  Fig.  2.  The  Blumleln  was  charged  negative  In 
about  8yu  s  with  the  resonant  transformer  and 
triggering  was  from  the  anode  ground. 

The  recovery  of  voltage  holding  was  much  more 
rapid  for  alumina  than  for  plastics.  Fig.  7  shows 
that  recovery  to  80  kV  requires  just  over  lOO^as. 
Breakdown  voltage  Is  very  close  to  that  of  a  cold 
switch  after  200us.  It  was  noted  that  only  about 
10*5  l i tre-torr  of  gas  was  released  on  each  pulse, 
much  less  than  from  the  plastic. 


The  plastic  switches  recovered  their  voltage 
holding  capability  In  1-2  ms.  This  Is  illustrated  for 
the  Delrln  switches  In  Fig.  6.  The  lower  trace  on 
each  oscillogram  Is  the  first  charge  pulse.  In  which 
breakdown  Is  triggered  at  80  kV.  The  scope  trace  is 
swept  upwards  at  SOOwis/dlv.  and  a  second  charge 
pulse  Is  applied  at  various  times  after  the  first. 
Premature  breakdown  occurs  unless  the  delay  Is  more 
than  about  800 ^us.  Recovery  to  near  the  Initial  150 
kV  hold  off  requires  about  2  ms. 


Interpulse  delay: 

600  ut 


700u* 


S  nil div  horizontal 
500  u*/d<v  vertical 
50  kV/div 


800u* 


1  ms 


Figures.  Recovery  of  delrin  flwhover  twitch  at  80 kV. 


Vacuum  Trigger  Electrode,  Unbiased 


80  kV 


Interpulse  delay: 

50  (is 


90  (is 


Charge  voltage: 
SO  kV/div 
20  (is/div 


no  ms 


160  (IS 


Figure  7.  Recovery  of  alumina  annulus  flashover  twitch. 


Rlsetlmes  were  similar  to  those  obtained  with 
plastic  switches,  suggesting  that  a  single 
multimetre-like  channel  was  being  formed.  This  was 
confirmed  by  direct  observation  when  the  switch  was 
triggered  on  the  outside  conical  surface. 


* 
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Jitter  of  the  alumina  switch  was  tens  of 
nanoseconds,  with  breakdown  times  well  over  100  ns. 
In  an  effort  to  reduce  jitter,  resistor  chains  were 
added  to  bias  the  trigger  electrode  during  charge  at  a 
potential  corresponding  to  Its  physical  position,  and 
a  pulse  sharpening  spark  gap  was  placed  In  the  trigger 
circuit;  these  changes  had  no  effect. 

A  new  alumina  switch  was  then  designed  for  use 
with  the  Iron  core  transformer  and  magnetic  modulator. 
Since  this  gave  a  200  ns  charge  time,  the  cone  height 
was  reduced  to  1  In.  The  Blumleln  charge  voltage 
waveform  was  now  unipolar  and  positive,  so  the  cone 
angle  was  reversed  from  that  of  previous  surfaces. 
The  cone  formed  the  outside  surface  of  a  solid  alumina 
disc.  Because  the  ground  was  now  the  cathode,  the 
trigger  electrode  was  biased  off  ground  during  charge 
by  resistor  chains;  If  grounded  It  would  have  emitted 
electrons  prematurely. 

Uhen  pulse  charged  to  2S0  kv,  this  switch 
self-broke  quite  reproduclbly  Just  after  the  peak 
voltage.  Trigger  tests  were  made  between  about  80  kV 
and  160  kV.  Because  of  fluctuations  In  the  charging 
voltage.  It  was  difficult  to  control  the  timing  of  the 
trigger  with  respect  to  the  output  of  the  magnetic 
modulator,  and  this  made  It  hard  to  measure  jitter 
accurately;  It  was  approximately  2  ns  rms.  fig.  8 
shows  the  collapse  of  charge  voltage  on  successive 
overlaid  shots;  the  magnetic  modulator  fluctuation 
shows  up  as  a  voltage  variation  at  the  time  of 
triggering.  A  similar  jitter  was  obtained,  at 
voltages  up  to  100  kv,  when  the  switch  was  charged  in 
2juis,  by  bypassing  magnetic  modulator  stages. 


Blumlein  charge: 

Voltage  overlays 
50  kV/div 


Figure  8.  Triggering  test  of  fast-charged  alumina  switch  at  1 50  k V. 


The  e-fold  risetime  of  the  switch  current  was  In 
the  range  7-10  ns.  Fig.  9,  considerably  less  than  the 
rlsetlmes  of  the  switches  tested  earlier.  This  cannot 
be  entirely  explained  by  the  smaller  height  of  the 
switch,  and  suggests  that  the  channel  Is  larger, 
perhaps  even  appoachlng  1  cm  In  width.  To  the  eye, 
the  discharge  appeared  more  diffuse,  but  still  had  a 
bright  mllllaetre-llke  core.  The  rlsetlmes  were 
similar  for  fast-charged  self-breakdowns  and  triggered 
pulses  with  200  ns  and  2^*s  charge  times. 


Recovery  times  for  this  switch  were  similar  to 
those  of  the  annular  alumina  switch  given  earlier. 
However,  recovery  was  less  reproducible,  and 
occasional  prefires  would  occur  even  after  200yu s 
delay.  This  may  have  been  due  to  the  air  spark  gap 
used  as  a  trigger  Isolation  and  pulse  sharpening  gap; 


20  ns/div 
6.6  kA/div 


Approx  e-fold 


Three  consecutive  pulses: 


8  ns 


10  ns/div 
6.6  kA/div 


10  ns 


Figure  9.  Current  pulse  shape  for  fast-charged  alumina  switch, 
triggered  at  150  kV. 

since  this  cannot  recover  In  200us  the  trigger  bias 
will  be  Incorrect  on  the  second  pulse. 

Tests  were  typically  made  at  10  pulses  per 
minute.  The  discharge  regions  of  the  alumina  switches 
were  darkened,  but  not  worn  away.  Thus  a  long  lived 
switch  Is  possible. 

A  liquid  surface  could  also  be  considered  where 
long  life  Is  required.  A  test  was  made  of  the  annular 
switch  shown  In  Fig.  2  In  which  a  coat  of  Dow  Coming 
704  diffusion  pump  oil  was  applied  to  the  alumina. 
The  switch  triggered  with  low  jitter  (a  few 
nanoseconds)  whereas  the  bare  alumina  In  this 
configuration  had  shown  tens  of  nanoseconds  Jitter. 
The  recovery  was  not  tested.  The  quantity  of  gas 
released  on  each  pulse  was  small,  similar  to  that  from 
alumina  rather  than  plastic. 
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SUMMARY 


Optically  activated  semiconductor  switches 
have  received  growing  attention  in  recent  years 
because  of  their  ability  to  rapidly  switch  at  the 
kilovolt  level.  Pulser  designs  based  on  this 
physical  mechanism  appear  capable  of  producing 
extremely  narrow  pulsewldths  (less  than  2  nanose¬ 
cond)  at  very  high  pulse  repetition  frequencies 
(greater  than  100  kHz).  These  pulsers  will  be 
extreamly  useful  In  future  high  resolution  mm 
wave  systems.  In  which  the  pulsers  modulate  grld- 
ded  tubes  such  as  extended  interaction  amplifiers 
and  traveling  wave  tubes. 

In  this  paper  an  investigation  of  the 
switching  characteristics  of  Intrinsic  silicon, 
using  both  Nd:YAG  and  GaAs  lasers.  Is  reported. 
The  semiconductor  samples  were  mounted  In  50  ohm 
transmission  lines  and  terminated  with  50  ohm 
loads.  Measurements  of  the  Increased  conductiv¬ 
ity  (which  is  a  measure  of  the  switching 
efficiency),  risetime,  and  recovery  time  were  ob¬ 
tained  for  various  optical  Inputs  and  bias  levels 
on  the  sample.  Pulse  bias  permitted  the  use  of 
higher  voltages  (up  to  3  kV).  Measurement  re¬ 
sults  are  explained  In  terms  of  the  carrier 
transport  model.  Overall,  the  results  demon¬ 
strate  that  optically  activated  semiconductors 
are  well  suited  for  high  speed  modulator  applica¬ 
tions. 


Introduction 


A  promising  approach  for  producing 
nanosecond  pulsers  makes  use  of  the  phenomenon 
observed  when  a  .semiconductor  Is  Illuminated  with 
laser  llght'1^'*'.  The  light  energy  produces 
secondary  hole  and  electron  carries  in  the  semi¬ 
conductor,  which  causes  the  resistivity  to  drop 
from  Its  Initially  high  state  to  a  much  lower 
value.  In  a  typical  device  configuration  (Figure 
1)  the  center  conductor  of  a  transmission  line 
(either  coax  or  stripline)  Is  Interrupted  and  a 
section  of  semiconductor  material  Is  connected  In 
series.  One  surface  of  the  semiconductor  Is 


metallized  except  for  a  small  gap  which  is  exposed 
to  the  laser  light.  When  the  gap  1$  Illuminated, 
carriers  are  created,  causing  the  device  to 
switch. 

In  this  paper  the  suitability  of  such  switch¬ 
es  for  high  speed  pulsers,  applicable  to 
millimeter  wave  transmitters.  Is  addressed.  We 
seek  compact  pulsers  able  to  provide  peak  voltages 
of  1-3  kV,  peak  currents  greater  than  50A,  pul¬ 
sewldths  of  less  than  2  ns,  and  pulse  repetition 
frequencies  greater  than  100  kHz.  In  order  to 
help  define  the  pulser  limitations  of  the  optical 
switch,  several  measurements  were  conducted. 
These  included  measurement  of  risetime,  recovery 
time,  and  gap  resistance,  obtained  as  functions  of 
bias  voltage  and  optical  energy. 


Fabrication  of  Targets 

The  optical  switch  consists  of  a  rectangular 
prism  of  high  resistivity  single-crystal  silicon 
tn  which  aluminum  electrodes  have  been  evaporated 
on  one  side  leaving  an  exposed  rectangular  gap 
across  the  polished  surface.  The  following  Is  a 
description  of  the  material,  dimensions,  and  fa¬ 
brication  procedure. 

The  silicon  used  for  the  swUch  Is  nearly 
Intrinsic,  with  a  resistivity  of  10 -A -cm,  obtain¬ 
ed  In  boule  form  from  Wacker.  The  silicon  was  cut 
Into  wafers  0.5  me  thick  and  polished  on  both 
sides.  The  silicon  wafers  were  cleaned  In  an  ul¬ 
trasonic  cleaner  with  organic  solvents  and  etched 
with  mineral  acids  before  the  aluminum  was  deposi¬ 
ted. 

Two  different  techniques  were  used  to  form 
the  aluminum  electrodes:  evaporation  and  photoli¬ 
thography.  In  the  first,  aluminum  was  evaporated 
over  the  silicon  wafer  masked  with  1  mm  wide  metal 
bars,  leaving  uncoated  stripes.  In  the  photollth 
process,  aluminum  was  evaporated  over  the  entire 
wafer  surface.  Negative  photoresist  was  applied, 
then  exposed  through  a  rubyllth  mask.  The 
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aluminum  was  etched  fra*  the  exposed  areas  with 
a  phosphoric  acid  solution.  After  electrode 
formation,  the  aluminum  was  annealed  at  400  C 
for  30  Minutes,  and  the  wafer  cut  Into  1  a*  long 
devices.  Approximately  1  alcron  of  alualnua  was 
evaporated  In  both  cases. 

Final  dlaenslons  of  the  sealconductor  target 
were  10  a*  X  1  mi  X  0.5  m  with  a  single  face  (10 
■  11a)  aetallized.  The  gap  In  the  Metalliza¬ 
tion  ns  1  a  1  1  a.  The  gap  dlaenslons  were 
chosen  to  obtain  the  necessary  hold-off  voltage 
(1-3  kV)  and  off-state  resistance  (  %  500  K-fl. ). 
Clear  epoxy  was  placed  over  the  gap  to  laprove 
voltage  hold-off.  In  order  to  provide  electrical 
connections,  gold  ribbon  was  bonded  to  the  alual- 
nua  using  a  therao-coapresslon  type  bonder.  Gold 
wire  leads  (7  all  diameter)  were  then  bonded  to 
the  gold  ribbon.  The  finished  device  was  Mounted 
In  a  General  Radio  Insertion  unit  (type  GR  874X) 
using  indium  solder. 

Description  of  Lasers 


Two  types  of  lasers  were  employed.  The  opt¬ 
ical  paraaeters  of  each  are  briefly  described. 
The  first  was  a  Nd:  TAG  type  with  a  pulse  energy 
of  17  aj,  a  pulsewidth  of  24  ns,  and  a  rlsetiae 
of  20  ns.  Bern*  diameter  was  approxlaately  6m. 
A  Pockets  cell  0-swltch  concentrated  the  output 
within  the  24  ns  pulsewidth.  Operation  of  the 
Kd:  YAfi  laser  was  Malted  to  single  shot.  The 
second  laser  was  a  GaAs  type  made  by  Optel  (model 
SLS  5010)  with  a  total  pulse  energy  of  0.3  uJ,  a 
pulsewidth  of  5.5  ns,  a  rlsetiae  of  3.5  ns,  and  a 
beaa  divergence  of  10  X  30  .  The  aaxiaue  pulse 
repetition  frequency  was  5  KHz.  Energy  output 
for  both  lasers  was  measured  with  a  TRG  thermo¬ 
pile,  model  101.  The  optical  pulse  shape  was 
observed  with  a  high  speed  EGG  photodiode,  aodel 
F HO- 100.  Heutral  density  filters  calibrated  for 
both  wavelengths  were  used  to  control  the  output 
energy. 


Test  Circuit 

The  test  circuit,  in  simplified  fora.  Is 
shown  In  Figure  2.  The  test  staple.  Mounted  In 
the  coaxial  line.  Is  pulse  biased  to  the  desired 
voltage.  Pulse  bias  Instead  of  dc  bias  was  em¬ 
ployed  .1a  order  to  avoid  thermal  runaway 
problems*1'  which  are  present  at  the  higher  dc 
voltages.  Energy  storage  was  In  the  fora  of 
either  a  50JI coaxial  line  (100  ns  long)  or  a  ca¬ 
pacitor  (0.6  uF).  For  measurements  Involving 
longer  recovery  times  (  >.  100  ns),  the  capacitor 
was  chosen  to  Insure  full  voltage  during  reco¬ 
very.  For  risetime,  gap  resistance,  and  shorter 
recovery  time  Measurements,  the  coaxial  line  sto¬ 
rage  was  chosen.  The  bias  pulse  width  for  the 
coaxial  line  and  the  capacitor  were  30  us  and  300 
us,  respectively. 


Timing  of  the  laser  pulse  was  adjusted  so 
that  the  laser  was  switched  on  only  after  the  se¬ 
alconductor  and  storage  element  were  charged  up 
to  the  full  voltage  by  the  pulse  bias.  In  the 


case  of  the  Nd:YA6  laser  the  tlalng  was  complic¬ 
ated  by  the  necessity  for  first  turning  on  the 
flash  lamp.  After  initiation  of  the  flash  lamp  a 
delay  of  3s  100  us  was  provided,  allowing  suffi¬ 
cient  pumping  time  for  the  Nd:YA6.  The  bias  pulse 
was  then  Initiated  followed  shortly  afterwards  by 
the  activation  of  the  Q-switch.  The  switched  vol¬ 
tage  pulse  was  lowered  with  wide  band  attenuators 
and  then  terminated  Into  50ji.  The  waveform  was 
observed  with  a  Tektronix  7834. 


Exoermental  Results 

Gap  Resistance 

Figure  (3)  shows  a  typical  variation  of  the 
on-state  gap  resistance  as  a  function  of  the 
NdrYAG  optical  energy  incident  on  the  gap.  The 
off-state  resistance  Is  %  500  k/1  .  The  optical 
energy  represents  that  part  of  the  energy  falling 
on  the  exposed  gap,  and  excludes  the  remainder  of 
the  beam  which  is  Incident  on  the  aetallized  sur¬ 
face  or  elsewhere.  Reflection  from  the  surface 
(which  Is  substantial  and  aay  be  as  high  as  30X) 
Is  not  taken  Into  account. 

Note  the  decrease  In  gap  resistance,  caused 
by  the  production  of  more  carriers,  as  the  optical 
energy  Is  increased.  Beyond  50  uJ,  however,  the 
resistance  appears  to  be  constant  at  about  2-3 
A.  An  Important  point  to  be  made  here  Is  that  for 
a  1  mi  X  1  m  gap  (which  can  support  a  voltage  of 
several  kilovolts),  optical  energies  of  50  uJ  or 
more  are  required  for  efficient  switching  (90*  or 
greater).  Measurement  of  the  gap  resistance  as  a 
function  of  voltage  (200-3000  Volts)  showed  rela¬ 
tively  small  variations. 

In  fact  the  required  optical  energy  for  the 
laser  Is  twice  the  previous  estimate  If  one  consi¬ 
ders  that  the  only  energy  which  counts  Is  that 
which  Is  In  the  rlsetiae  portion  of  the  optical 
pulse.  Assuming  a  half-sinusoidal  wave  shape, 
then  the  required  energy  from  the  Nd:YA6  laser  Is 
approxlaatley  100  uJ. 


Figure  4  shows  the  gap  resistance  for  the  GaAs 
laser.  Of  course,  the  gap  resistance  Is  larger 
because  of  the  smaller  output  from  the  GaAs  laser. 
Extrapolation  to  energy  levels  needed  for  effi¬ 
cient  switching  (90S)  Is  difficult  to  estimate. 
It  appears,  however,  that  slightly  less  excitation 
energy,  using  the  GaAs  laser.  Is  needed  for  effi¬ 
cient  switching.  Pulse  repetition  frequency- was 
operated  up  to  2000  Hz  (burst  mode)  with  no 
changes  In  the  output. 


Recovery  Time 

Figure  (5)  shows  the  recovery  time  (Nd:YAG 
laser  excitation)  as  a  function  of  the  optical 
energy  for  several  pulse  bias  values.  The  reco¬ 
very  time  here  is  defined  as  the  time  Interval 
between  the  termination  of  the  laser  pulse  and  the 
point  at  irfiich  the  semiconductor  returns  to  Its 
high  resistivity  state.  As  mentioned  previously 
the  time  constant  for  the  wpacltlve  energy 
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storage  Is  chosen  sufficiently  large  to  Insure  no 
loss  In  semiconductor  voltage  during  the  recovery 
time.  It  Is  seen  that  the  recovery  Is  i  strong 
function  of  the  energy,  ranging  from  tens  of  Mi¬ 
croseconds  when  the  energy  Is  25  uO,  down  to  v  1 
us  when  the  energy  Is  0.$  uJ.  As  noted  in  Figure 
(5)  a  substantial  Increase  In  the  recovery  time 
occurs  at  the  higher  energies  when  the  voltage  Is 
Increased  from  400  to  600  volts. 

Figure  (6)  shows  the  recovery  time  as  a 
function  of  the  pulse  energy  for  GaAs  excitation. 
As  May  be  seen  the  recovery  thee  was  In  the  13-17 
ns  range.  There  was  Minor  variation  with  bias 
voltage. 

The  recovery  tlMes  shown  In  Figures  S  and  6 
are  considerably  shorter  than  previously  reported 
values  for  silicon,  which  gives  a  typical  value 
of  20  us.  The  reason  for  this  May  be  the  exis¬ 
tence  of  iMpurltles  In  the  Material,  which  serves 
as  additional  recombination  sites  and  effectively 
reduces  the  recovery  tine.  At  the  higher  optical 
energies  there  sites  becoae  filled  so  the  reco¬ 
very  time  Is  still  long.  In  the  case  of  the  GaAs 
excitation  the  extremely  short  recovery  time  ob¬ 
served  may  be  connected  with  surface 
recombination  sites.  In  the  case  of  GaAs  the  ab¬ 
sorption  Is  concentrated  near  the  surface,  so 
that  surface  recombination  takes  on  more  Impor¬ 
tance. 


Risetime 

Rlsetlme  of  the  output  pulse  was  essentially 
United  by  the  rlsetfam  of  the  laser.  In  the 
case  of  the  Nd:rA6  this  meant  a  rlsetlme  of  about 
20  ns,  and  in  the  case  of  the  GaAs,  a  rlsetlme  of 
3-4  ns.  The  fact  that  the  rlsetlMe  limitation  Is 
determined  by  that  of  the  laser  Is  not  surpris¬ 
ing.  By  Illuminating  the  entire  gap  region 
carriers  are  created  throughout  the  entire  drift 
region,  the  electric  field  collapses  at  the  same 
time  throughout  the  region,  and  transit  time  li¬ 
mitations  no  longer  apply.  In  fact.  If  the 
energy  In  the  rlsetlme  portion  of  the  optical 
pulse  exceeds  the  minimum  amount  needed  for  effi¬ 
cient  switching,  one  should  expect  a  rlsetlme 
from  the  semiconductor  to  be  somewhat  less  than 
the  optical  rlsetlme.  This  was  not  observed 
(Nd:YAfi  excitation),  possibly  as  a  result  of  the 
slow  rate  of  rise  In  the  early  stages  of  the  opt¬ 
ical  rlsetlme. 


The  total  Illumination  of  the  target 
neutralizes  the  transit  time  limitation,  but  It 
does  not  Influence  the  other  nemesis  of  high 
speed  switching,  capacitance  effects.  Fortuna¬ 
tely,  In  this  case,  these  effects  are  minor 
because  of  the  smell  capacitance  of  the  1  an  wide 
gap.  Finally,  since  laser  rlsetlme  Is  the  Major 
factor  In  determining  the  semiconductor  switching 
time,  one  understands  the  interest  In  using  mode 
locked  lasers  (which  have  picosecond  pulsewldths) 
for  producing  pulses  with  rlsetlmes  measured  In 
picoseconds. 


Conclusions 


Silicon  targets.  Illuminated  by  Nd:YAfi  and 
GaAs  lasers,  were  Investigated  for  their  switching 
behavior.  Measurements  of  gap  resistance,  reco¬ 
very,  and  rlsetlme  were  obtained  to  help  determine 
pulser  limitations.  Kith  Nd:YA6  excitation  It  was 
found  that  approxlmatley  100  uJ  (contained  In  the 
rlsetlme  portion  of  the  pulse)  are  required  for 
high  eff1c1ency(  i  90S)  and  low  gap  resistance  (t 
5 -a).  In  the  case  of  the  6aAs  laser  the  required 
energy  level  appears  somewhat  More  promising 
(based  on  extrapolation  of  low  energy  Measure¬ 
ments).  Any  final  conclusions,  however,  must 
await  planned  Measurements  using  higher  energy 
laser  diodes. 

For  compact,  high  PRF  pulsers  the  GaAs  lasers 
are  considerably  more  attractive,  compared  to  the 
Nd:YAG  type.  As  was  noted,  however,  the  GaAs 
laser  does  not  produce  as  nuch  pulse  energy,  re¬ 
sulting  In  a  drastic  loss  of  efficiency.  One 
possible  approach  Is  to  reduce  the  required  laser 
energy  by  operating  the  semiconductor  In  an  ava¬ 
lanche  mode.  In  this  mode  the  laser  Is  used  to 
‘tickle"  the  semiconductor  Into  an  avalanche  mode 
and  relatively  little  excitation  energy  Is  requir¬ 
ed.  Unfortunately  the  avalanche  process  Is 
difficult  to  Initiate  without  resorting  to  low 
temperatures.  An  alternative  Is  the  brute  force 
approach  In  which  laser  diode  arrays  (with  the 
number  of  diodes  exceeding  25)  are  employed  to 
obtain  high  energy  output. 

Recovery  times  were  much  lower  than  anticip¬ 
ated.  For  the  Nd.-YAG  they  were  a  few  microseconds 
(0.S-500  uJ  excitation),  and  for  thm  GaAs  they 
were  tens  of  nanoseconds  (10-J  -  10'*  uJ).  Bulk 
Impurities  and  surface  recombination  are  believed 
responsible  for  the  fast  recovery.  In  any  event, 
the  additional  recombinations  sites  (done  uninten¬ 
tionally  In  this  case)  are  a  definite  aid  In 
reducing  the  recovery  time,  and  thus  Improving  PRF 
capability. 

Rlsetlme  was  limited  for  the  most  part  by  the 
rlsetlme  of  the  laser:  %  20  ns  for  the  Nd:YAG 
laser  and  3-4  ns  for  the  GaAs.  The  rlsetlme  of 
the  GaAs  Is  limited  by  the  driver.  Development  of 
drivers  with  sub-nanosecond  rlsetlmes  for  higher 
energy  laser  diode  arrays  Is  planned. 
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cal  Energy.  GaAs  Excitation.  Bias  Voltage:  400V 
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Figure  6.  Variation  of  Recovery  Tine  with  Opti¬ 
cal  Energy.  SaAs  Excitation.  Bias  Voltage: 
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Abstract 


The  breakdown  of  water  subjected  to  long  tern 
(—100  jus)  stress  has  been  studied  for  water  capacitor 
areas  of  30  and  400  air  at  a  1  an  spacing.  A  hyster¬ 
esis-like  behavior  was  observed.  A  sanple  with  a 
mininun  initial  dielectric  strength,  E,  was  found  to 
continue  to  break  down  to  60%  of  E  after  an  initial 
spark.  The  maxinun  initial  breakdown  field  was  found 
to  scale  as  A*0,25  Where  A  is  the  plats  area. 

Introduction 

The  goal  of  the  work  reported  in  this  paper  is  to 
measure  the  effect  of  capacitor  plate  area  on  the 
electrical  breakdown  strength  of  very  pure,  chilled 
water,  water  is  the  meet  cannon  dielectric  used  in 
the  current  generation  of  high  power,  high-energy 
pulsed  power  systems.  Unfortunately  water  capacitors 
normally  are  unable  to  hold  a  charge  for  more  than  a 
few  microseconds .  This  severely  constrains  the  design 
of  water  dielectric  pulsed  power  systons.  As  an  ex- 
anyle,  if  a  100  kJ  systsm  must  be  charged  in  one 
microsecond,  the  average  power  of  the  charging  system 
must  be  1011  watts.  At  present  this  limits  the 
options  for  the  charging  system  to  Marx  generators, 
which  implies  spark  gap  switching  and  potential  re¬ 
liability  problems.  If  the  charging  time  could  be 
extended  by  two  to  three  orders  of  magnitude  other 
options,  such  as  direct  charging  from  a  fast  discharge 
mechanical  store  through  a  slow  pulse  transformer, 
might  bacons  attractive.  The  problem  with  water  as  a 
dielectric  is  its  low  resistivity,  typically 
2.5  MU -an  in  conventional  pulsed  power  systems. 
Voltage  applied  to  a  water  capacitor  decays  through 
the  internal  resistance  of  the  capacitor  with  an 
exponential  time  constant  t  »  ce  where o  and  t  are  re¬ 
spectively  the  water  resistivity  and  permittivity 
(90eQ).  For  2.5  MH-crn  water  t  is  18  (is  and  every 
microsecond  10%  of  the  energy  in  the  capacitor  is 
lost. 

To  inprove  this  situation o  nust  be  substantially 
increased.  At  roam  temperature  large  volutes  of  water 
can  be  maintained  near  13  MSI -cm  if  proper  care  is 
taken.  To  achieve  higher  resistivity  the  temperature 
must  be  lowered,  with  c  reaching  a  maxinun  naar 
80  MSI -an  for  0*C.  The  dielectric  constant  increases 
slightly  as  well  to  90  giving  T  ■  640  (is  as  a  practi¬ 
cal  limit.  (los  has  a  substantially  higher  resis¬ 
tivity  but  its  frequency  response  is  poor  and  it  is 
unsuitable  for  pulsed  power  applications.) 

Fbr  sufcmicroeeccnd  charging  times  the  scaling  Ism 
of  J.  C.  Martin2  describes  the  breakdown  strength, 

E  (W/an),  of  water, 


Et  A  -  K.  (1) 

K  is  0.3  or  0.6  depending  upon  ttoether  the  field  E  is 
measure!  at  the  positive  or  negative  electrode,  t  is 
the  effective  tine  that  the  field  is  applied  to  the 
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capacitor  which  is  the  time  that  E  exceeds  63%  of  its 
maxinun  value,  and  a  is  the  capacitor  plate  arse  in 
atr.  Fortunately  this  f1'3  dependence  of  E  disappears 
between  one  and  tan  microseconds  giving  way  to  a  much 
flatter  time  variation.  Equation  1  predicts  a  break¬ 
down  field  of  31  KV/an  for  an  81  atr  simple  at  t  * 

250  (is.  Instead  the  strength  is  measured  to  be 
150  kV/an  for  this  relatively  small  capacitor  arse. 

The  dependence  of  E  upon  capacitor  plate  area  fbr  long 
pulses  is  presently  unknown.  Measurement  of  this  area 
effect  for  long  pulses  is  the  goal  of  the  experiment 
reported  in  this  paper.  In  addition,  same  of  the 
problems  involved  in  handling  larger  volumes  of 
ultra-pure,  dulled  wmtar  in  a  pulsed  power  environment 
will  be  explored.  Both  types  of  date  will  be  valuable 
for  designing  future  high  energy  pulsed  power  devices. 

The  experiment  has  two  major  parts,  a)  a  pulsed 
power  system  capable  of  charging  the  test  water  capaci¬ 
tor  to  350  kV  maxinun  and  holding  that  voltage  far  a 
controlled  duration  up  to  100  (is  and  b)  a  water  purifi¬ 
cation  systsm  capable  of  maintaining  the  water  in  the 
test  capacitor  as  near  to  80  MO -an  and  0*C  as  is 
practical.  The  pulsed  power  system  consists  of  a 
10  kJ,  1  MV  Marx  generator  connected  to  the  water 
capacitor  through  a  damping  resistor.  A  triggered 
crowbar  limits  the  pulse  duration.  Hater  purification 
requires  a  high  flow  (30  gal/ndn)  ion  exchange  bed  and 
a  vacuum  deaerator  to  remove  residual  00-  from  solu¬ 
tion.  To  achieve  0*C,  a  30000  ETTU/hr  chiller  was 
required,  together  with  seme  care  in  thermally  insu¬ 
lating  the  tankage.  Data  will  be  taken  with  a.saquance 
of  capacitor  areas  of  80  air,  400  aiT,  2000  car, 
and  10,000  air.  Thus  far  results  are  available  fbr 
the  smaller  areas  only. 

Description  of  the  Experimsnt 
a)  Pulsed  Power  Systsm 

The  pulsed  power  system  charges  the  water  capaci¬ 
tor  whose  dielectric  strength  is  being  measured.  The 
interpretation  of  the  results  is  simplified  by  applying 
a  square  pulse.  This  was  achieved  with  the  circuit  of 
Figure  1.  A  Marx  generator  which  for  the  present 
purpose  may  be  modeled  as  a  capacitor  CL,  and  inductor 
L^  in  parallel  with  resistor  Rj,,  charges  the  test 
capacitor  Cj.  Because  of  the  series  resistance  Rp, 
the  discharge  consists  of  a  transfer  of  charge  between 
and  Gj  until  both  cane  to  a  corner  voltage  V-. 
Thereafter  the  oomon  voltage  decays  as  the  capacitors 
slowly  discharge  through  Rm,  the  internal  resistance 
of  the  Marx  generator,  andOj,,  the  internal  resistance 
of  the  waiter  capacitor.  After  the  initial  discharge, 
the  charge  originally  stored  in  O.  is  shared  betwemn 
CM  and  Cj>.  The  final  voltage  is 
VF  “  Vm^Cm  *  Cr>  '*•»  vo  is  the  initial 
voltage  on  C^.  Sometimes  V«  is  too  large  even  at 
the  snalleet  practical  V  f-SOOXV) .  In  those  instances 
an  additlmal  (oil)  capacitor  Ca  is  placed  across  G- 
to  reduce  Vp  as  required. 

The  experiment  uses  an  existing  16-seage  Marx 
generator  modified  for  long  pulse  service.  O,  is 
22  nF.  The  maxinun  value  of  V  is  1000  W,  The 
electric  field  in  parallel  plate  capacitor  Cm 
with  area  a  (square  ontimeters)  and  spacing 
d  (centimeters)  is 
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There  is  a  nmximun  spacing  d  beyond  which  a  given  value 
of  Sp  cannot  be  reached.  As  an  exanple,  if  Ep  »  175 
kV/an  is  an  upper  limit  on  the  field  likely  to  be 
required  based  on  the  data  of  Reference  1,  than  for  VQ 
»  1000  kV,  d  cannot  exceed  2.4  an.  Thus  the  typical 
plate  spacing  in  the  water  capacitor  must  be  of  the 
order  of  2  an.  At  2  an  Cp  is  36  nF,  and  the  energy 
stored  in  Cp  at  peak  charge  is  2.6  kJ.  the  initial 
energy  stored  in  the  Marx  generator  is  11  kJ. 

The  waveform  an  the  water  capacitor  as  calcu¬ 
lated  for  the  circuit  of  Figure  1  is  given  in  Figure 
2.  It  rises  in  2  to  3  microseconds  and  droops  12 
percent  in  100  4s.  At  that  point  the  Marx  genera¬ 
tor  is  generally  crowbarred.  An  experimental  wave¬ 
form  is  shown  in  the  lower  trace  of  Figure  3.  Peak 
voltage  in  this  case  is  320  W,  corresponding  to  an 
open  circuit  Marx  voltage  of  800  kV.  The  upper  trace 
shows  timing  marks  in  coincidence  with  the  Marx  gener¬ 
ator  trigger  and  the  crowbar,  the  measured  pulse 
droop  is  15  percent  compared  to  the  12  percent 
expected. 

This  waveform  is  from  a  run  of  1200  shots  at  a 
rate  of  1  pulse  per  5  sec.  This  particular  run  was 
terminated  by  a  failure  of  the  resistive  voltage  moni¬ 
tor.  Developing  a  monitor  capable  of  handling  the 
stress  of  this  long  pulse  for  long  runs  has  proven 
difficult.  A  capacitive  divider  is  now  in  use. 

Another  problem  is  pretriggering  of  the  crowbar  switch. 
Electrical  noise  from  the  firing  of  the  Marx  generator 
occasionally  pretriggers  the  crowbar  trigger  system- 
A  bias  control  whidi  turns  off  the  crowbar  trigger 
whan  the  Marx  is  fired  has  bean  developed  but  is  not 
complete!/  effective  in  preventing  crowbar  prefixes. 

To  allow  processing  of  lugs  statistical  samples 
of  water  breakdown  data  including  a  measurement  of 
the  time  to  breakdown,  it  wee  necessary  to  develop  an 
automatic  data  acquisition  system.  To  distinguish 
crowbar  prefires  from  water  breakdowns  current  shunts 
ware  installed  in  the  crcetoar  circuit  and  an  the  ground 
return  from  the  water  capacitor.  The  presence  or 
absence  of  a  crowbar  currant  and  the  sign  of  the  capac¬ 
itor  currant  each  produce  an  unambiguous  signature 
distinguishing  crowbarrlng  from  water  breakdown. 

This  gives  a  twofold  redundancy  to  the  measurement. 

b)  water  System 

The  water  system  consists  of  four  major  compo¬ 
nents  ,  i)  a  mixed  resin  bed  deionizer,  ii)  a  vacuus 
deaerator,  ill)  a  30,000  Btu/hr  chiller,  and  Iv)  two 
420-gal  thermally  insulated  tanks.  The  deionizer 
( "polisljr" )  asaotbly  is  diagrammed  in  Figure  4. 
water  from  the  experimental  tank  is  passed  throucfi 
two  to  four  parallel  15  gal/min  mixed  bad  resin 
deionisers.  After  deionization  the  water  is 
sterilized  (99.9*  bacteria  kill)  and  filtered 
(0.2  micron)  and  returned  to  the  capacitor  tank. 

water  leaving  the  deionizer  is  nsarly  free  of  ions 
except  for  dissolved  CD,  (carbonic  acid)  <4iich  the 
resin  beds  move  relatively  inefficiently.  CD,  and 
other  dissolved  gases  are  r  moved  by  spraying  the  water 
into  a  vacuun  vessel  (is aerator)  maintained  by  a  modest 
coughing  punp  which  mast  bs  isolated  from  the  water  by 
a  cold  trap  placed  between  the  deesrstnr  and  punp. 


Keeping  the  purified  water  near  0*C  requires  an 
estimated  20,000  Btu/hr  of  Ailler  capacity  to  be 
provided  by  the  system  shown  in  Figure  5.  The  chiller 
is  rated  at  30,000  Btu/hr  0*C  (water  temperature) - 
Refrigerant  is  fed  to  an  evaporator  located  along  one 
wall  of  the  water  ccnpartmsnt.  Water  is  pumped  down¬ 
ward  through  the  evaporator  coils  and  removed  from  the 
tank  at  the  tcp  on  the  opposite  side.  The  goal  of 
using  this  arrangement  is  to  establish  an  upward  flow 
pattern  throu£i  the  test  capacitor.  The  water  is 
then  pwq ped  to  the  deionizer  system. 

Tankage  was  prepared  by  partitioning  an  existing 
stainless  steel  tank  attached  to  the  Marx  generator 
into  two  420-gallon  caqpartments.  The  tanks  are 
lined  with  PVC  plastic  to  minimize  leaching  of  ions 
from  the  walls  which  would  be  a  savers  problem  even 
though  they  are  stainless  steel.  One  oaqpertment 
holds  the  test  capacitor,  the  second  serves  as  a 
holding  tank  for  the  clean,  cold  water.  There  is  only 
one  evaporator,  the  one  in  the  capacitor  tank.  Mo  pro¬ 
vision  was  made  to  chill  water  in  the  holding  tank. 
However,  the  walls  of  both  tanks  Jure  lined  with  3*  of 
foam  insulation  \rfiich  maintains  the  water  tenperature 
for  a  reasonable  time. 

In  operation  the  chiller  has  proved  capable  of 
freezing  water  in  the  evaporator  aasenfcly  unless  the 
temperature  is  monitored  and  the  chiller  is 
turned  off  vJhen  the  tenperature  drape  too  low.  The 
deaerator  aseenfcly  only  needs  to  be  run  occasionally 
and  is  valved  out  of  the  syston  during  data  run. 

The  deionizer  nust  be  run  continuously  to  maintain 
water  quality.  Mater  resistivity  is  measured  with  a 
parallel  plate  water  resistor  located  just  beyond 
the  recirculation  pimp  (see  Fig.  4) .  The  water  temper¬ 
ature  at  this  point  is  5  to  6*C  warmer  than  in  the 
tank.  Since  the  water  resistivity  follows  the  curve 
of  Reference  1,  tank  resistivity  can  be  estimated  using 
the  tank  water  tanperature.  It  is  near  80  M  -can. 

Results 

Data  have  been  taken  with  test  capacitor  diameters 
of  10  and  22.5  as  (80  and  400  car  areas).  The  edge 
radius  in  each  case  was  1.27  an.  The  plates  were 
node  of  304  stainless  steel.  Same  Initial  data  with 
the  scalier  capacitor  ware  taken  at  a  4  cm  spacing 
where  the  field  enhancement  factor  (FEF)  at  the  edges 
of  ths  capacitor  is  large.  Breakdowns  tended  to 
conoantrate  near  the  outer  edge  in  this  case.  Most  of 
ths  80  arr  data  ware  taken  with  the  1  an  gap  shown  in 
the  field  plot  of  Fig  6.  The  field  enhancement  factor 
in  this  configuration  is  2*.  For  ths  400  an2  ssnpls 
shown  in  Fig  7,  a  1  an  spacing  also  correspond*  to  a 
2*  FEF.  Tha  allowable  upper  limit  of  the  field 
enhancement  for  this  experiment  was  arbitrarily  set  at 
10*.  Typical  water  conditions  were  temperature  lees 
than  2*C  and  resistivity  greater  than  70  Mil -an. 

The  first  data  taken  were  approximately  650 
pulses  on  the  80  arr  capacitor  near  100  kV/au 
with  a  4  an  spacing.  During  this  period  diagnostics 
were  being  developed.  Generally  tha  water  broke  down 
although  there  was  one  sequence  of  170  pulses  with 
out  any  breakdowns. 

(text  the  caper  (tor  spacing  was  reset  to  1  an  to 
limit  the  field  mnhancmMRt  at  the  edges.  A  75  nF 
capacitor,  Cg,  was  added  in  parallel  with  the  Nucx 
generator  to  lower  the  output  voltage.  Forty-eight 
pulses  were  taken  at  97  kV/cm.  Ths  water  capacitor 
sparked  on  the  first  eight  pulses.  On  the  remaining 
40  pulses  tha  capacitor  did  not  break  down. 
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TABLE  I 


Next  a  saris*  of  250  shots  at  fields  frcra  94  to 
145  kV/an  resulted  in  no  water  breakdowns.  At 
163  kV/cm  the  first  9  pulses  did  not  spark  the  capaci¬ 
tor.  Twenty  nine  subsequent  pulses  all  led  to  break¬ 
downs.  After  this  run  the  sanple  was  left  unpulsad 
in  the  water  for  6  days.  At  the  end  of  that  tins  the 
sanple  would  net  creak  down  until  a  182  kV/cm  field 
was  applied. 


Capacitor 
Plata 
Area _ 

80  cm2 


Mininut 

Breakdown 

Field 


110  W 
cm 


Maximus 

Holdoff 

Field 

180  kV 
an 


Hysteresis 

Range 

60% 


Subsequently  the  breakdown  of  the  80  ai^  sanple 
was  found  to  follow  a  'hysteresis-like''  loop.  Fig  8 
is  an  attsrpt  to  illustrate  what  happens.  Beginning 
at  109  W/aa  10  pulse  sanples  were  taken  with  no 
breakdowns  to  182  KV/an.  Do  breakdowns  in  10  pulses 
limits  the  breakdown  probability  to  less  than  30%. 

At  182  kV/cm  92  shots  were  taken.  Cn  the  first 
pulses  no  breakdowns  occurred.  Thereafter  the  capaci¬ 
tor  broke  down  on  every  pulse.  After  waiting  several 
minutes  for  any  residual  debris  to  flush  from  the 
gap  a  series  of  20  shots  at  182  kV/an  again  resulted 
in  100%  breakdown  probability*  Thereafter  the  field 
was  reduced  in  runs  of  20  pulses,  all  of  which 
resulted  in  100%  breakdown  probability  until 
109  kV/an  was  reached.  At  109  kV/an  the  capacitor 
broke  down  on  the  first  pulses,  then  breakdown  stopped. 
Subsequently  no  mare  breakdowns  occurred  at  this 
field.  The  field  was  than  raised  in  9  kV/cm  steps 
with  100  shots  at  each  step.  Again  no  breakdowns 
occurred  until  182  KV/an.  At  182  kV/an  seventy-six 
pulses  without  breakdown  were  followed  by  24  in  all 
of  which  the  water  sparked.  The  field  waa  lowered 
to  127  kV/cm  than  to  109  kV/an  but  this  tiros  break¬ 
down  did  not  stop  after  100  pulses  at  each  field. 

The  experiment  was  terminated  at  this  point  due  to 
arcing  of  the  transfer  resistor  Rq. 


400  70  120  60% 


Conclusions 

Water  breakdown  has  a  'hysteresis-like*  behavior 
in  that  a  field  that  will  not  break  down  a  properly 
conditioned  capacitor  will  cause  breakdown  with  100% 
probability  once  the  capacitor  has  bean  sparked.  Do 
amount  of  flushing  of  water  through  the  capacitor  (for 
exanple  one  hour  corresponding  to  five  volume  changes) 
wrill  prevent  breakdowns.  This  implies  that  the  capac¬ 
itor  plates  rather  than  the  fluid  retain  a  "raetory" 
of  previous  sparks.  Long  term  exposure  (6  days)  to 
the  ultra-pure  water  may  return  the  capacitor  plates 
to  a  conditioned  (non-breaking)  state.  This  could 
result  fran  chaaical  destruction  of  spark  inception 
sites  by  the  water.  This  hysteresis  wee  observed  with 
capacitor  plate  areas  of  80  and  400  air  for  which  the 
fields  at  which  breakdown  began  and  quit  are  given  in 
Table  I.  If  the  reduction  in  raaxinun  ho  Ido  f'.  field 
and  mininun  breakdown  field  in  the  larger  srnple  is 
attributed  to  an  area  effect  such  that  the  field  is 
inversely  proportional  to  area  to  a  power,  that  power 
is  0.25  from  these  two  data  points.  The  preliminary 
nature  of  these  data  needs  to  be  enphasizad. 


◦nee  breakdown  had  occurred  the  sanple  continued 
to  break  -with  virtually  100%  probability  until  the 
field  was  reduced  to  at  least  60  to  70%  of  the  initial 
breakdown  field.  Peak  discharge  currant  through  the 
sanple  in  the  Initial  breakdown  was  only  160  to  180 
«ps  in  a  10  4s  exponentially  decaying  waveform. 
Deverthalesa  sufficient  'damage"  resulted  to  "deoon- 
dition"  the  electrodes  so  that  subsequent  breakdowns 
occurred  at  much  lower  fields.  Because  of  the 
location  of  the  sanple  Inside  the  water  tank  it  is 
impossible  to  say  that  there  are  no  enall  bubbles  on 
the  electrode  surfaces  to  act  as  spark  initiation 
sitae.  However,  it  waa  observed  that  few  bubbles 
wore  produced,  as  few  bubbles  ware  rising  to  the 
surface  following  a  spark.  Bubble  production  may 
have  bean  reduced  by  deaeration  of  the  water. 


Figure  Captions 

1.  Electrical  Schematic  of  the  Pulse  Power. System 

2.  Coiputad  Voltage  waveform  on  the  104  air  water 
Capaci 

3.  Experimental  Voltage  Waveform  on  a  Dutmy 
Capacitor;  Peak  Voltage  is  320  kV. 

4.  Schonatic  of  the  Water  Processing  System 

5.  Schematic  of  the  Chiller  and  Water  Tank  Assembly 

6.  Field  plot  of  the  80  air  capacitor  at  a  1  an 
spacing 

7.  Field  plot  of  the  400  an2  capacitor  at  a  2  cm 
spacing 

8.  "Hysteresis'  loop  breakdown  for  the  80  air 
sanple.  The  arrows  Indicate  the  order  in  which 
the  data  ware  taken. 


Qualitatively  equivalent  results  wore  obtained 
writh  the  400  air  sanple  at  a  1  cm  spacing.  Initial 
breakdown  occurred  at  120  KV/aa  and  once  breakdown  had 
occurred  the  capacitor  arced  on  every  pulse.  Break¬ 
down  ceased  at  70  kV/oa.  Again  the  "hysteresis 
range,"  defined  as  the  field  at  which  breakdown 
ceased  divided  by  the  field  at  which  it  began,  was 
60%,  precisely  as  observed  In  the  80  enr  sanple. 

These  data  are  susnarized  in  Table  I.  The  most 
obvious  difference  between  the  results  at  30  and  400 
air  plats  areas  was  the  reduction  in  the  fields  at 
which  breakdown  began  fran  180  kV/cm  for  the  smaller 
capacitor  to  120  kV/an  for  the  larger  one.  If  one 
ascribes  this  to  an  area  affset  such  that  tha  break¬ 
down  field  is  inversely  proportional  to  plate  area 
to  sons  power,  that  power  is  0.25.  Obviously  these 
data  are  preliminary  and  the  value  of  this  power  may 
well  change  as  nor*  data  are  accumulated. 
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Summary 

Experiments  are  described  which  indicate  good 
potential  for  the  use  of  cooled  ethylene  glycol/water 
mixtures  as  dielectric  in  the  pulse  forming  lines  of 
high  power  modulators.  Purification  of  these  mixtures 
by  conventional  deionizing  techniques  is  found  to 
produce  resistivities  more  than  60  times  greater  than 
the  theoretical  maximum  of  pure  water.  The  long-term 
electrical  strength  is  found  to  exceed  the  strength 
of  pure  water.  The  variation  of  resistivity, 
dielectric  constant,  Debye  relaxation  time  and 
electrical  strength  with  temperature  and  mixture  ratio 
is  presented. 

The  ability  of  these  cooled  mixtures  to  hqld 
charge  for  long  times  can  simplify  the  design  and 
reduce  the  cost  of  modulator  charge  circuitry.  How 
the  other  electrical  properties  of  these  mixtures 
impact  the  design  of  large-scale  modulators  is 
analyzed. 

Introduction 

At  the  last  symposium1,  we  reported  finding  that 
with  conventional  purification  techniques,  the  con¬ 
ductivity  of  water  cooled  to  near  0°  C  could  be 
reduced  to  the  point  that  water  could  be  charged  to 
fields  in  excess  of  10  MV/m  for  time  periods  extend¬ 
ing  to  100  microseconds  with  only  about  ICt  ohmic 
heating  loss.  Because  long-term  charging  of  liquid 
pulse  forming  lines  (PFL's)  reduces  demands  on 
charging  circuitry,  this  suggested  that  the  first 
intermediate  energy  store  (e.g.,  a  capacitor  bank  or 
Marx  bank)  might  not  be  required.  Unfortunately, 
even  100-microsecond  charging  times  are  still  about  a 
factor  of  ten  too  fast  to  consider  PFL  charging  by 
rotating  machinery.  Further  cooling  of  water  freezes 
it  and  results  in  loss  of  dielectric  constant,  so 
this  performance  is  an  absolute  limit  for  that 
liquid. 

The  conductivity  of  pure  liquids  is  due  to  a 
dissociation  reaction,  e.g.,  in  water: 

2H0H  •  HjO*  ♦  OH' 

which  produces  the  charge  carriers.  The  charge 
carrier  density  from  this  reaction  is  exponentially 
dependent  on  temperature  and  is  reduced  about  a 
decade  for  every  30°  C  of  cooling.  The  use  of 
freezing  point  depressant  polar  liquids  in  water 
immediately  suggests  itself  as  a  means  of  achieving 
lower  conductivity  polar  liquids.  The  maximum 
freezing  point  depression  is  S0°  C  for  the  60/40-by¬ 
weight  mixture  of  ethylene  glycol/water2  .  This 
promises  that  PFL  charging  tiSMs  in  excess  of  a 
millisecond  could  be  achieved. 

The  purposes  of  this  paper  are  to:  (a)  present 
data  to  sI;ow  that  the  cooled  glycol/water  mixtures  do 
display  the  expected  exponential  increase  in 
resistivity  as  a  function  of  temperature,  (b)  present 
expected  values  of  the  electrical  properties  of 
interest  to  the  designer  of  pulsed  power  machines, 
and  (c)  indicate  the  way  these  electrical  properties 


impact  on  the  design  in  the  light  of  other  design 
limitations  and  goals. 

In  the  next  section  the  electrical  properties  of 
glycol/water  mixtures  are  presented.  In  the  last 
section,  the  way  the  electrical  properties  impact  the 
design  of  devices  in  the  light  of  other  external  con¬ 
straints  is  presented. 

Electrical  Properties  of 
Glycol/Water  Mixtures 

The  properties  of  major  interest  to  the  designer 
of  pulse  power  machines  are  the  intrinsic  time  con¬ 
stant,  r  (a  quantity  closely  related  to  the  conduc¬ 
tivity),  the  (complex)  dielectric  constant  er,  and 
the  electrical  strength  This  section  presents 

the  results  of  measurements  of  these  quantities  and 
their  variation  with  temperature  and  mixture  ratio. 

The  liquid  conditioning  apparatus  is  diagrammed  in 
Figure  1.  The  main  loop  is  continually  run  to  insure 
temperature  stability  and  to  maintain  the  highest 
possible  deionization.  The  deaeration  loop  is  run  for 
the  day  preceding  testing,  but  not  during  testing, 
as  it  hampers  the  cooling  process.  A  more  complete 
discussion  of  the  apparatus  and  methods  is  found  in 
reference  3. 


Figure  1.  Liquid  Conditioning  System. 
Intrinsic  Time  Constant 

The  intrinsic  time  constant  of  a  liquid  is  defined 
by 

t  »  £0crP  »  c^/e  (O 

where  d  is  the  resistivity,  a  is  the  conductivity, 
cr  is  the  relative  dielectric  constant,  and 
eo  *  8. 85X10* 12  F/m  in  SI  units.  It  is  more  convenient 
to  discuss  the  conductive  properties  of  the  liquid  in 
terms  of  the  intrinsic  time  constant  rather  than  the 
resistivity,  as  it  is  measurable  directly  and  relates 
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directly  to  the  ohmic  heating  loss  in  the  liquid. 
Figure  2  displays  the  character  of  the  intrinsic 
time  constant,  and  how  it  is  measured.  It  can  be 
shown  that  the  energy  lost  to  ohmic  heating  in 
charging  a  liquid  over  a  time  period  tc  divided  by 
the  energy  stored  at  Che  end  of  the  charging  period 
is 

w  r 

ohmic  zc 

— — — —  m  a  — 

W  ,  T 

s  tored 

where  a  is  a  dimensionless  constant  which  depends 
only  on  the  charging  waveshape  and  which  has  values 
ranging  from  O.S  to  1.0  for  commonly  employed  charg¬ 
ing  waveforms. 


«  »  a  *  «  a  a  a  • 

TUMMtUM  ("Cl 


( 


INTWNSIC  TIM!  CONSTANT  T 


•  iNomNOCNT  or  sin.  uomstny  km  ohmic  msoium  if  •  oil 


Figure  2.  Measurement  of  Time  Constant. 

Voltage  V0  is  impressed  on  electrodes  immersed 
in  the  liquid.  When  the  voltage  source  is  removed  by 
opening  the  switch,  the  voltage  decays  exponentially 
as  shown.  The  intrinsic  time  constant  is  the  time 
for  the  voltage  to  fall  from  10  volts  to  3.68  volts 
(•10/e) .  This  time  is  shown  as  the  duration  of  the 
4  volt  square  wave.  This  time  is  also  displayed  in 
tenths  of  microseconds  in  the  upper  right.  Oscillo¬ 
graph  time  scale  is  10  milliseconds/divislon.  The 
liquid  is  60%  by  weight  glycol  at  -36°  C. 

Figure  3  shows  the  results  of  measuring  this 
quantity  for  various  weight  fractions,  w,  of  water/ 
glycol  mixtures  as  a  function  of  temperature.  The 
results  indicate  that  these  cooled  liquids  can  sup¬ 
port  fields  with  low  loss  for  periods  extending  into 
the  millisecond  time  frame.  This  confirms  the 
expected  dramatic  reduction  of  the  charge  carrier 
density  with  temperature.  These  very  optimistic  re¬ 
sults  are  tempered  somewhat  due  to  the  discovery  of 
a  new  decay  mechanism  operative  at  high  voltages- 
charge  injection.  This  somewhat  complicated 
phenomena  is  briefly  discussed  under  High  Voltage 
Measurements . 

Dielectric  Constant 

In  the  least  complex  formulation  of  the  Debye 
theory  of  dielectrics*  >5,  the  dielectric  constant  is 
considered  a  complex  (lumber  which  depends  on  the 
frequency  content  of  the  applied  electric  field,  the 
temperature,  and,  in  the  case  of  mixtures  of  polar 
liquids,  on  the  weight  fractions  of  its  components: 


Figure  3.  The  Intrinsic  Time  Constant  of 
Glycol/Water  Mixtures. 


tr(u.T,w)  »  e^Cw) 


es(T,w)  -  e_(w) 
1  ♦  juT0(T,w) 


where  es(T,w)  is  the  static  dielectric  constant  of  the 
liquid,  e^Cw)  is  the  dielectric  constant  at  infinite 
frequency,  which  we  take  to  be  the  square  of  the  index 
of  refraction: 


£,(«)  *  V“)  • 


c^Cw)  has  negligible  temperature  dependence.  tq(T,w) 
is  the  Debye  relaxation  time  and  represents  the 
characteristic  exponential  time  for  a  randomly  oriented 
dipole  to  line  up  with  a  suddenly  applied  electric 
field.  The  simple  theory  assumes  that  this  character¬ 
istic  time  is  the  same  as  the  time  for  an  aligned 
dipole  to  change  to  random  alignment  upon  the  sudden 
removal  of  the  aligning  field.  This  can  be  expected 
to  show  temperature  dependence. 

The  Debye  parameters  es(T.w)  and  Tp(T,w)  were 
determined  by  measuring  the  complex  impedance  of  a 
small  coaxial  probe  immersed  in  the  liquid  using  a 
Hewlett-Packard  4815A  RF  vector  impedance  meter.  The 
impedance  of  the  probe  is 


j(uL  -  l/wCoer(u,T,w)) 


where  L  is  the  inductance  of  the  probe  and  C0  is  its 
empty  capacitance.  Any  real  losses  in  the  probe  due 
to  skin  effect  or  radiative  resistance  have  been 
neglected.  Substituting  the  Debye  expression  (3)  and 
separating  real  and  imaginary  parts  results  in 


i  *  c»T0r 


uL  -  Zj 


°S  1  *  ^=-  (»Tn)2  |Z-j«L|2 


1  ♦  ^  (wTq)2 


1  -  — 
£s 


r 

uL  -  Z. 


These  equations  can  then  be  solved  recursively  for  the 
quantities  ts(T,w)  and  tp(T,w) .  Measurements  of  the 
complex  impedance  were  made  over  the  frequency  range 
O.S  -  108  Mtz.  Figures  4  and  5  show  the  results  of 
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the  measurements .  The  values  of  es (T,w)  agree  well 
with  aeasureaents  by  Akerlofb  for  T  >  20°  C.  The  Debye 
model  was  found  to  represent  the  frequency  behavior 
over  this  broad  frequency  range  very  well  (within 
-  2%).  The  Debye  relaxation  tine,  while  displaying 
exponential  increase  with  decreasing  temperature,  does 
stay  below  a  nanosecond,  indicating  that  the  fluids 
are  effective  for  the  few  nanoseconds  of  rise  tine  re¬ 
quired  for  some  applications. 
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Figure  4.  The  Static  Dielectric  Constant  of 
Glycol/Water  Mixtures. 
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Figure  S.  The  Debye  Relaxation  Tine 
of  Glycol/Viter  Mixtures. 

High  Voltage  Measurements 


derivative  of  voltage  with  tine.  This  anoaaious  be¬ 
havior  is  now  fairly  well  understood  to  be  due  to 
charge  injection.  It  is  explained  in  detail  in 
reference  7.  Briefly:  Charge  injection  decay  occurs 
when,  under  the  action  of  high  fields,  part  of  the 
surface  charge  detaches  and  enters  the  bulk  liquid. 
Under  the  action  of  the  field,  the  charge  is  then 
transported  to  the  opposite  electrode.  The  character¬ 
istic  tine  for  this  decay  is  the  transport  tine  for 
the  detached  charge  to  travel  between  the  plates: 


t 


tr 


r 

uV 


C«) 


where  l  is  the  plate  separation,  and  w  is  the  nobility 
of  the  injected  charge.  The  charge  injection  decay 
mechanism  will  dominate  the  decay  when  ttr  «  t . 

Note  that  this  decay  nechanism  depends  on  the  plate 
geometry  and  voltage,  whereas  intrinsic  decay  is 
solely  a  property  of  the  liquid.  Since  large  liquid- 
filled  PFL's  can  be  expected  to  have  electrode  spac- 
ings  in  excess  of  SO  nn,  charge  injection  is  probably 
not  of  crucial  importance  in  single-pulse  devices.  In 
repetitive  systems ,  more  research  is  required  to  under¬ 
stand  its  importance. 
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Figure  6.  High  Voltage  Test  Circuit. 


Figure  7.  Decay  of  High  Voltage  in 
Glycol /Water  Mixtures. 


The  glycol/water  mixtures  were  tested  in  the  high 
voltage  circuit  shown  in  Figure  6.  This  is  the  same 
circuit  described  in  reference  1  and  used  for  the  long¬ 
term  water  testing.  Probe  P2  is  a  capacitive  probe 
which  has  a  droop  time  in  excess  of  0.1  second.  In 
high  voltage  testing  with  these  very  long  stress  tines, 
a  new  decay  nechanisn  becomes  apparent.  Figure  7  dis¬ 
plays  the  decay  waveforms  for  glycol/water  mixtures  at 
low  and  high  temperatures  for  low  and  high  voltage. 

At  high  temperature  it  is  seen  that  the  voltage  across 
the  plates  bleeds  faster  than  would  be  Indicated  by  the 
intrinsic  time  constant.  At  low  temperatures  the  decay 
is  more  complex,  showing  a  change  in  the  sign  of  the 


In  the  above  figure,  the  left  column  shows  decay 
at  roon  temperature  at  low  (a)  and  high  (b)  voltages. 
The  right  column  shows  decay  at  low  temperature 
(-10°  C) .  In  all  cases  the  voltage  decay  is  faster 
than  indicated  by  the  value  of  t.  The  anomalous  decay 
apparent  for  the  low  temperature  case  is  due  to  charge 
injection.  Capacitor  (P2)  probe  constant  *  68  kV/V. 
The  liquid  is  80%  glycol. 

Electtical  Breakdown 

When  the  voltage  on  the  test  plates  is  Increased 
beyond  a  certain  value,  electrical  breakdown  in  the 


liquid  results.  At  these  very  long  stress  times,  the 
field  at  breakdown  and  the  time  at  which  breakdown 
occurs  no  longer  have  a  clear  functional  inter¬ 
dependence  such  as  the  familiar  Eaax  tgff  *  constant 
for  short  (-  1  nsec)  pulses.  For  the  long-pulse  test¬ 
ing,  Enax  was  determined  in  the  following  way.  In 
reference  1,  it  was  found  that  onset  of  breakdown  for 
pure  water  for  the  same  electrode  area  was  about  13 
MV/m.  The  technique  used  to  determine  E.„  for  the 
glycol/water  mixtures  was  to  apply  the  stress  of 
13  MV/m  at  which  pure  water  would  begin  to  break  down 
(breakdown  probability  -  0.1).  If  the  mixture  sur¬ 
vived  ten  tests  at  this  level,  the  stress  was  increased 
0.S  MV/m  and  ten  more  tests  made.  The  maximum  stress 
was  increased  in  this  manner  until  a  breakdown  was 
experienced.  Egax  was  then  defined  as  the  maximum 
stress  applied  to  the  plates  which  did  not  result  in 
breakdown  for  ten  successive  tests.  The  results  of 
this  testing  technique  are  summarized  in  Table  1.  Be¬ 
cause  of  the  variation  in  temperature  and  mixture 
ratio,  and  due  to  the  phenomenon  of  charge  injection, 
the  effective  time  of  stress  application  varied  over 
a  considerable  range.  Thus,  each  value  of  Emax  has  an 
effective  stress  time  associated  with  it.  Following 
historical  practice8,  the  effective  stress  time,  teff, 
is  defined  as  the  time  for  which  the  applied  stress 
exceeds  63k  of  its  maximum  value.  In  Table  1,  teff  and 
three  figures  of  merit  -  E^x*  wmax»  and  A  *  are  listed 
for  the  various  mixtures  tested,  where 


'ScoerEmax 


(9) 


A  *  W 
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10  kHz  the  system  must  be  recharged  and  be  ready  to 
fire  again  in  less  than  100  usee) .  For  long  charge 
times  the  intrinsic  power  gain  is  greater,  thus  re¬ 
quiring  less  peak  power  from  the  prime  power  source  - 
an  obvious  advantage.  The  longer  charge  times  also 
permit  the  use  of  rotating  machines  such  as  homopolar 
generators,  alternators,  and  rotary  flux  compressors . 
Typically,  these  rotating  machines  can  supply  milli¬ 
second  pulses  (the  active  rotary  flux  compressor  is 
usable  to  -  100  usee  at  reduced  efficiency) .  Rotating 
machines  are  inherently  repetitive  devices  and 
potentially  offer  many  advantages  in  size,  weight,  and 
reliability. 

By  varying  the  dielectric  constant  of  the  liquid 
dielectric,  the  characteristic  impedance  and  the  pulse 
length  of  the  pulsed  power  machine  can  be  varied 
(however,  not  independently) .  If  the  characteristics 
of  the  load  are  not  fixed,  the  pulsed  power  system 
designer  has  many  options  in  designing  his  system. 

Even  when  the  load  impedance  is  fixed,  there  are  many 
trade-offs  which  must  be  made  that  affect  efficiency, 
voltage  reversal  in  the  load  and  PFL,  size,  cost,  etc. 
We  will  now  describe  some  of  these  trade-offs. 


Consider  a  coaxial  PFL  of  length  l,  inner  radius  a. 
and  outer  radius  b  discharging  into  a  matched  load  as 
shown  in  Figure  8.  The  characteristic  impedance  is: 


60 
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where  t  *  ^0^T, 


uQ  and  (|io/co) 


377  ohms. 


Because  of  the  limited  data  base  for  these  tests, 
the  absolute  values  for  the  various  figures  of  merit 
mist  be  considered  fairly  (say  70%)  uncertain.  Never¬ 
theless,  we  conclude  that  all  the  giycol/water  mixtures 
have  electrical  strength  figures  of  merit  as  good  and 
quite  possibly  better  than  pure  water. 

Table  1.  Electrical  Strength 
of  Glycol/Water  Mixtures. 


Design  Considerations 


The  two  principal  thrusts  of  this  work  are: 

(a)  relatively  long  charge  times  are  possible  using 
water  and  water  mixtures;  and  (b)  system  impedance  can 
be  varied  over  a  wide  range  without  making  changes  in 
its  geometry.  We  will  now  discuss  some  of  its  implica¬ 
tions  of  these  facts  for  the  pulsed  power  system 
designer.  For  the  sake  of  brevity,  we  will  consider 
coaxial  PFL's  discharging  into  matched  loads.  However, 
most  of  the  conclusions  still  apply  either  directly  or 
in  a  modified  form  for  PFL's  of  other  geometries.  We 
will  also  address  the  question  of  impedance  mismatch 
toward  the  end  of  this  discussion. 

The  long  charge  times  are  irrelevant  if  the 
repetition  rate  is  high  (e.g.,  for  a  repetition  rate  of 


Figure  8.  Coaxial  PFL. 

The  highest  electric  field  in  an  idealized  coaxial 
structure  occurs  at  the  surface  of  the  inner  conductor. 
If  Vma y  is  the  breakdown  voltage  of  the  PFL,  the  maximum 
electric  field  is  given  by 
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It  can  be  shown  that  the  maximum  voltage  on  the  PFL  for 
a  given  En^x  and  outer  radius  (b)  occurs  when  the  ratio 
of  the  outer  to  inner  radius  is  b/a  »  e  »  2.72.  With 
this  ratio,  the  maximum  voltage  is: 


(15) 


Note  that  the  maximum  voltage  per  unit  outer  radius 
depends  only  on  EMX'  The  impedance  at  this  ratio  will 
be  dependent  on  the  dielectric  constant  of  the  material 
as  is  shown  in  Tables  2  and  3. 


Maximum  power  output  for  a  given  and  b  is  ob¬ 
tained  when  b/a  •  /e  »  1.65.  With  this  ratio* 
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where  Pn  is  the  maximum  output  power  of  a  given  PFL. 
Note  that  PD  depends  on  the  square  of  E..»  and  b  and 
on  the  square  root  of  the  relative  dielectric  constant 
of  the  dielectric. 

In  many  applications,  the  principal  factor  in  the 
cost  of  a  PFL  is  the  total  surface  area  (TSA)  of  the 
inner  and  outer  conductor  [TSA  ■  2r£(b  ♦  a)]  A  mini¬ 

mus  total  surface  area  is  obtained  for  a  given  Pm, 
Eaax,  er,  and  b  when  the  ratio  b/a  •  2.09.  With  this 
ratio. 


1  terawatt  for  1  usee,  into  a  Batched  load.  Soae  of 
these  designs  are  clearly  impractical  (e.g.,  the  50- 
ohm  water  line  with  outer  radius  b  •  329  aeters!).  The 
intent  of  these  tables  is  to  indicate  the  range  of  ap¬ 
plicability.  We  will  now  point  out  the  highlights  of 
these  tables . 

The  charge  voltage  (Vc)  for  a  given  ispedance  and 
Pm  is  constant  (since  ■  4  PBZf)*,  and  increases  with 
the  square  root  of  the  characteristic  ispedance 
(Vc  «  /23 .  If  the  charge  voltage  is  divided  by  the 
outer  radius,  it  reaches  a  maximum  for  b/a  *  e,  as 
indicated  above. 


Again  Pn  depends  on  the  square  of  Emax  and  b  and  on  the 
square  root  of  er.  For  a  given  cr,  Einax>  and  b  the 
maxima  power  output  is  lower,  but  only  by  about  8%. 

On  the  other  hand,  if  the  load  impedance  (and 
therefore  Zc  for  a  matched  load)  is  specified,  the 
minimus  TSA  is  obtained  when  the  ratio  b/a  «  9.19. 

Then  the  maximum  power  is  given  by: 


Zc  (68.63) 


This  requires  that  the  dielectric  constant  satisfies 


r  60  .  b 
ve  »  s—  In  — 


Tables  2  and  3  will  help  clarify  these  results. 

In  these  tables,  basic  designs  are  presented  for  PFL's 
whicn  will  supply  a  megajoule  pulse  with  a  pulse 
length  of  1  usee  (*  1012  watts  for  1  usee) .  For  these 
designs,  the  breakdown  strength  of  the  dielectric  is 
assumed  to  be  100  kV/cm.  Table  2  is  for  water  with 
er  *  80;  Table  3  is  for  air  with  er  *  1. 

In  these  tables,  the  major  design  parameters  are 
given  as  a  function  of  the  ratio  of  b/a.  The  ratios 
for  maximum  power  per  unit  b,  maximum  power  per  unit 
surface  area  (for  a  given  cr) ,  and  the  maximum  voltage 
per  unit  b  are  listed  along  with  ratios  which  give 
representative  impedances  on  either  side  of  these 
values.  Note  that  the  impedance  values  for  reasonable 
b/a  ratios  for  the  water  line  are  in  the  1-10  ohm 
range,  while  the  impedance  values  for  reasonable  values 
of  b/a  for  the  air  line  are  in  the  10  -  100  ohm  range. 
The  only  change  is  the  dielectric  constant  of  the 
liquid  dielectric.  For  low  impedance  loads  a  high 
dielectric  constant  is  desirable;  for  higher  impedance 
loads  (>  SOO)  a  lower  dielectric  constant  is 
imperative. 

The  length  of  the  PFL  is 


The  inner  radius  mono toni cal ly  decreases  with  in¬ 
creasing  Zc  (a  “{ITjv'Zc  for  a  given  Pm>  Emax*  antl  £r)  •  The 
outer  radius  b  (fas  a  minimum  for  a  b/a  ratio  of  1.65 
(maximum  power  per  unit  b) .  To  obtain  the  maximum 
power  for  a  given  outer  radius,  this  b/a  ratio  must  be 
used.  The  tables  show  how  b  becomes  impractically 
large  for  high  impedance  water  lines  and  low  impedance 
air  lines. 

The  total  surface  area  varies  nearly  the  same  as 
b,  except  that  it  minimizes  for  a  b/a  ratio  of  2.09, 
as  indicated  above.  The  total  surface  areas  listed 
for  the  water  lines  with  impedances  between  1  and  10 
ohms  are  practical. 

The  dielectric  volume  monotonically  increases  with 
impedance.  This  is  expected  since  at  very  low 
impedance  the  inner  radius  approaches  the  outer  radius 
and  the  field  distribution  between  electrodes  becomes 
uniform  with  little  field  enhancement  at  the  inner 
conductor.  Hence  all  of  the  dielectric  can  be  stressed 
to  near  the  breakdown  field.  Since  the  dielectric  is 
expected  to  be  the  least  costly  item  in  a  large  system, 
it  is  not  important  to  minimize  its  volume. 

If  the  load  is  not  matched  to  the  PFL,  reflections 
will  occur  at  the  PFL/load  interface.  This  results  in 
lower  peak  power  in  the  load.  The  reflected  power  will 
return  to  the  load  at  a  later  time  (unless  difficult 
precautions  are  taken)  and  is,  at  best,  wasted.  At 
worst,  it  is  very  detrimental  to  the  load.  It  can 
cause  voltage  reversals  in  the  PFL  and  load  which  are 
frequently  very  undesirable. 

These  undesirable  aspects  of  mismatching  the  load 
and  PFL  sometimes  can  (or  must)  be  accepted.  We  will 
therefore  now  briefly  discuss  the  energy  transfer  into 
a  mismatched  load.  We  will  define  the  efficiency  as 
the  energy  dissipated  in  the  load  in  the  desired  pulse 
time  (the  electrical  length  of  the  PFL)  divided  by  the 
total  energy  stored  in  the  PFL.  If  x  is  defined  as 
the  ratio  of  the  load  impedance  R  to  the  characteristic 
impedance  Zc  of  the  PFL  (x  *  R/Zc),  then  it  can  be 
shown  that  the  efficiency  is  given  by 


VV  2(377)e0  /Tr 

where  tp  is  the  output  pulse  length  and  v  is  the  propa¬ 
gation  velocity.  Hence,  as  soon  as  the  pulse  length' 
and  cr  are  specified,  the  PFL  length  is  determined. 

The  line  length  is  inversely  proportional  to  the  square 
root  of  cr;  for  long  pulses  practicality  dictates  that 
cr  be  large,  which  isq>lies  that  the  line  will  be  a  low 
impedance  line.  A  water  line  of  16.8  aeters  length  is 
practical  for  1  usee  pulses;  however,  a  150-meter  air 
line  is  of  questionable  practicality. 

In  analyzing  Tables  2  and  3,  keep  in  mind  that  all 
of  the  lines  listed  will  deliver  an  output  pulse  of 


(1  *  x)‘ 

Note  that  for  x  *  1,  the  efficiency  is  1  as  it  should 
be.  The  function  4x/(l  ♦  x)2  is  relatively  slowly 
varying.  For  example,  if  x  *  2  (or  >») .  the  efficiency 
is  89%;  if  x  *  5  (or  1/5)  the  efficiency  is  56%. 

This  paper  has  shown  that  any  dielectric  constant 
between  -  35  and  90  is  available  to  the  pulsed  power 
system  designer.  Other  water  mixtures  should  extend 
this  range  to  -  10  to  90.  Values  above  90  seem  im¬ 
probable  for  conventional  liquids.  Note  that  the  above 
equations  foT  maximum  power  are  all  proportional  to 
the  square  of  the  electrical  strength.  Significant 
improvements  would  be  attained  with  even  modest  in¬ 
crease  of  this  important  parameter. 


Table  2.  Design  Parameters  for  One  Megajoule,  One  Microsecond  PFL. 
WATER:  *  80,  -  10  MV/m,  Length  *  16.8  a.  . 


Max  Power 
b 

Max  Power 
TSA 

Max  Voltage 
b 

b/a 

1.015 

1.26 

1.65 

2.09 

2.72 

4.44 

1726 

_zc  («) 

0.1 

1.0 

mm 

mm 

Of 

10.0 

50.0 

Charge  Voltage 
Vc  (kV) 

’  632.5 

2000 

3688 

_ 

4472 

5177 

6325 

14,142 

Vc  kV 
“  <T> 

147 

1282 

3048 

3549 

3672 

3364 

43 

a  (m) 

4.24 

1.34 

0.73 

0.60 

0.52 

0.42 

0.19 

b  (m) 

4.30 

1.56 

1.21 

1.26 

1.41 

1.88 

329 

TSA  (a2) 

-  '  - - 

900 

305 

204 

196 

203 

243 

34,672 

Dielectric 
Volume  (m3) 

. 

33 

49 

65 

90 

177 

5,697,835 

Table  3.  Design  Parameters  for  One  Megajoule,  One  Microsecond  PFL. 

AIR:  e  »  1,  E  ■  10  MV/m,  Length  *  150  m. 

-  r  max 


b/a 


\  CO) 


1  Charge  Voltage 

j  Vc  (kV) 


Vc  gv 


a  (■) 


b  (a) 


TSA  (a‘) 


Dielectric 
Voi«e  (V) 


1.002 


o.i 


632. S 


17 


37.9 


38.0 


71,493 


2261 


1.017 


10 


2000 


164 


12.0 


12.2 


22,779 


2296 


1.18 


10.0 


6325 


1409 


3.80 


4.49 


7792 


2680 


Max  Power 
b 


1.65 


30.0 


Max  Power 
TSA 


2.09 


44.2 


10,954 


3034 


2.19 


3.61 


5463 


3881 


13,297 


3527 


1.80 


3.77 


5250 


5178 


2.30 


50.0 


14,142 


3626 


1.70 


3.90 


S27S 


5822 


Max  Voltage 
b 


2.72 


60.0 


15,492 


3680 


l.SS 


4.21 


5425 


7219 


5.29 


100.0 


20,000 


3150 


1.20 


6.35 


7117 


18,341 
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Abstract 


An  atosilc  vapor  laser  Isotope  separation  (LIS) 
research  prograa  was  undertaken  by  Jersey  Nuclear-AVCO 
Isotopes,  Inc.  (JNaD  to  design  a  commercial  uranium 
enrichment  plant.  Jersey  Nuclear-AVCO  Isotopes,  Inc. 
was  a  Joint  venture  by  Exxon  Nuclear  Coapany  and 
AVCO-Everett  Research  Laboratory,  Inc.  'Exxon 
concluded  Its  research  and  developaent  activities  In 
nuclear  enrlchaent  and  reprocessing  because  of 
uncertainties  In  the  outlook  for  private  participation 
In  these  operations.'*  This  laser  Isotope  separation 
process  involves  vaporizing  uraniua  with  e-beaas  and 
selectively  Ionizing  U^35  ^ith  flash  lamp  pumped  dye 
laser  beaas,  as  shown  in  Figure  1.  A  commercial 
enrichment  plant  would  require  several  hundred  laser 
sy seems.  Each  system  would  run  at  500  Hz  to  1200  Hz, 
24  hours-a-day  continuously.  This  established  the 
requirement  of  very  reliable,  high  repetition  rate 
capacitors  for  the  flash  lamp  modulators  with  deslrad 
lifetimes  exceeding  50,000  hours. 


This  paper  discusses  the  specifications  for  the 
required  energy  storage  pulse  capacitor,  and  Maxwell 
Laboratories'  design  which  met  the  customer 
requirements  •  The  performsnee  data  will  be  reviewed 
along  with  the  construction.  None  of  the  supplied 
capacitors  failed,  even  after  obtaining  greater  than 
1010 

charge/discharge  cycles.  One  unit,  after  nearly 
3  x  10®  charge/discharge  cycles,  was  disassembled  and 
examined.  The  data  Indicated  that  Maxwell's  cspscltor 
Is  sn  excellent  candidate  for  callable,  long  life, 
high  pulse  rate  applications.  Ongoing  Improvements "in 
technology,  dielectric  films  and  oils  will  naan  even 
superior  capacitors  can  be  designed  for  applications 
satisfying  these  types  of  requirements. 

Laser  Requirements  and  Objectives 

As  noted  above,  Che  JNAI  LIS  process  required  a 
number  of  flash  lamp  pumped  dye  lasers  which  must 
exhibit  covsrclal  reliability  and  life.  Early  In  the 


program.  It  became  quite  clear  chat  within  the  laser 
pulse  power  system,  a  number  of  components  were 
critical  In  meeting  overall  system  reliability  and 
life  goals.  Among  these  critical  components  ware  the 
laser  pump  energy  pulse  capacitors-  Cp  as  shown  In  the 
simplified  schematic  of  the  laser  modulator  In  Figure 
2.  Circuit  operation,  although  simple  In  principle, 
placed  severe  requirements  on  each  and  every 
component,  particularly  Che  pulse  capacitors. 


RESONANT 
CHARGING  CHOKE 


Figure  2.  Simplified  laser  modulator  schematic 

As  shown  In  Figure  2,  the  capacitors  Cp  are 
eesoaaacly  charged  to  a  nominal  60  Joules  in  1.5  ms. 
On  covand,  thyratron  Vj  switches  the  stored  energy  of 
the  pulse  capacitors  Into  the  highly  nonlinear  flash 
lamp  loads-  Because  of  certain  thyratron 
requirements,  the  Inductors  Lg  must  be  adjusted  to 
make  the  discharge  circuit  slightly  oscillatory; 
hence,  a  10-202  voltage  reversal  is  experienced  by  the 
capacitors  on  each  pulse.  Residual  post-pulse  energy 
(due  to  the  voltage  reversal)  Is  dissipated  In  the 
power  resistor  Rjq. 

The  capacitor  operating  requirements  are  shown  In 
Table  1.  The  combination  of  these  performance 
specifications  togather  with  chs  desired  lifetime  make 
the  capacitors  unique. 

TABLE  l 

LIS  LASER  MODULATOR  PULSE  CAPACITOR  REQUIREMENTS 

capacitance  0IS»F 
OPERATING  VOLTAGE  JO  kV 
PULSE  RATE  550  HI 


VOLTAGE  REVERSAL 

6  MV 

SELF  INDUCTANCE  lESLl 

50  f»H 

PEAK  OISCHAAOE  CURRENT 

4  5  KA 

SELF  RESISTANCE  (ESP) 

100  mu 

current  rise  time 

06  ft* 

OPERATING  AMWENT 

ACC 

current  pulse  width  (Fwmmi 

10  a* 

OPERATING  ENVIRONMENT 

OH. 

LIFETIME:  90.000 

HRS 

181 
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Vendors 


Early  capacitor  candidates  (non-Maxwell)  were 
based  on  "single  shot"  technology  and,  as  a  result, 
exhibited  lifetimes  of  from  several  minutes  to  several 
tens  of  hours.  Once  the  pulse  capacitor  was 
recognized  as  a  critical  component,  three  capacitor 
manufacturers,  including  Maxwell  Laboratories,  were 
asked  to  satisfy  the  requirements.  Only  Maxwell 
Laboratories  was  successful  In  meeting  all  the 
performance  specifications  and  up  to  the  conclusion  of 
the  program  had  provided  capacitors  which  accumulated 
over  21,000  hours  of  operation  at  pulse  repetition 
frequencies  exceeding  550  Hz  without  a  single  failure. 

The  other  two  vendors  essentially  gave  up  after  a 
half  dozen  failures.  Late  in  the  capacitor 
development  program,  a  fourth  supplier's  capacitor 
satisfied  the  operating  requirements  and  exhibited 
individual  capacitor  operating  times  comparable  to  the 
Maxwell  capaclcors;  however,  the  total  capacitor 
operating  hours  of  the  fourth  supplier  were  less  than 
half  those  experienced  by  Che  Maxwell  capacitors. 
There  were  no  failures  In  the  fourth  vendor's  units. 

Vendor  A  provided  the  original  capacitors, 
followed  later  by  cwo  additional  designs.  Maxwell 
Laboratories  supplied  the  first  acceptable  test  units 
and  later  Che  capacitors  were  used  in  the  prototype 
system  for  a  total  of  14  capacitors.  Vendor  B  was 
added  because  of  the  problems  encountered  with  Vendor 
A's  capacitors.  They  delivered  two  units.  Vendor  C 
was  asked  to  supply  capacitors  for  test  and  evaluation 
as  a  result  of  the  continuing  problems  with  Vendor  A's 
and  B's  pulse  capacitors.  Three  units  were  tested  to 
develop  a  reliable  second  source  for  pulse  capaclcors. 


Capacitor  Design  and  Construction 


The  severity  of  this  requirement  presented 
Maxwell  with  a  unique  design  and  manufacturing 
challenge.  The  criterion  of  the  capacitor's 
performance  was  a  high  average  power  density  with  high 
reliability  over  a  considerably  long  life.  These 
requirements  posed  a  set  of  problems  different  than 
those  usually  associated  with  conventional  single  shot 
pulse  discharge  capaclcors.  The  successful  design  of 
such  a  capacitor  would  uepend  upon  che  proper 
selection  of  materials,  thalr  quality,  and  Che 
manufacturing  processes  used  to  produce  the  final 
unit . 


The  critical  design  consideration  was  thermal 
stability.  In  a  capacitor  operated  at  this  pulse 
repetition  rate,  che  major  portion  of  the  powar  loss 
Is  resistive-  the  capacitor's  equivalent  sarlss 
resistance  (ESR).  Components  of  the  ESR  are  contact 
resistance,  skin  effect  In  the  electrodes,  and 
dleleccrlc  losses.  These  losses  are  Increasing 
functions  of  frequency.  For  this  reason  a  dielectric 
system  using  predominantly  polypropylene  film  with 
paper  to  aid  in  Impregnation,  and  the  lmpregnant  FXE 
was  chosea.  Of  all  che  available  dielectrics,  It  was 
evident  that  polypropylene  film  exhibited  significant 
superiority  tor  this  application.  The  main  reasons 
being: 

e  Intrinsically  high  dielectric  strength- 
510,  000  volts  per  all 


a  The  property  of  che  film  to  absorb  the 
lmpregnant  and  wet  thoroughly  greatly  reduces 
the  occurrence  of  partial  dlschargea  during 
operation 

e  The  extremely  low  dissipation  factor  (.00017) 
that  remains  stable  over  a  wide  frequency 
range  and  improves  with  temperatures  up  to 
80°c.  This  face  permits  greater  power 
transfer  without  thermal  runaway. 

The  extremely  low  dissipation  factor  and  the  high 
dielectric  strength  of  the  polypropylene  film  were  the 
dominant  factors  in  determining  the  dielectric  system 
used. 

The  lmpregnant  was  chosen  in  much  the  same 
manner.  PXE  has  a  broad  range  of  attributes  that  make 
it  superior  for  this  type  of  capacitor.  It  has  a 
consistently  high  dielectric  strength  compared  to 
other  lmpregnants  .  It  exhibits  low  loss  over  a  wide 
frequency  range,  necessary  for  thermal  stability. 
This  material  has  a  low  viscosity  and  low  surface 
tension  which  allows  the  material  to  easily  and 
completely  wet  the  film  surfaces.  It  has  the  ability 
to  Inhibit  partial  discharges  as  well  as  to  scavenge 
the  by-products  generated  by  the  partial  discharges. 
Environmentally,  it  is  nontoxic,  and  biodegradable  - 

The  dielectric  system  of  the  Maxwell  capacitor, 
because  of  its  low  losses,  is  not  the  dominant  portion 
of  the  ESR.  Therefore,  it  is  not  a  significant  factor 
in  calculating  temperature  rise. 

The  heating  in  the  capacitor  is  predominantly  due 
to  the  power  loss  caused  by  the  magnitude  of  the 
discharge  current  and  the  resistive  losses  in  the 
foil,  solder  and  electrodes.  From  the  average  and 
peak  currents,  the  rms  current  is  calculated: 

r(peak)-  4500  *»P» 

lfave.l"  Amps 

I(rJ)'  -/5M'  x*i.5  “  106  Amp. 

With  the  capacitor's  effective  resistance  being  a 
maximum  50  m  at  the  operating  frequency,  the 
capacitor  losses  can  be  calculated. 

IZ(nM)X  ESR  -  (106)2  x  .05(1  •  562  watts. 

To  be  able  to  dissipate  this  heac  and  keep  che 
dielectric  hot  spot  at  or  below  80°C  required 
sufficient  surface  area.  The  Maxwell  capacitor  size 
was  7.25"  x  14"  x  15.5"  and  had  861  square  Inches  co 
radiate  the  heat.  Assuming  the  capacitor  was  50  mil 
this  translated  co  a  surface  heat  flux  of  .65  watts 
per  square  inch.  Figure  3  shows  data  of  heat 
dissipating  surface  temperature  versua  surface  heat 
flux  for  various  temperatures  of  cooling  oil.  In  a 
40°c  oil  bath,  the  surface  temperature  rise,  assuming 
.65  wacts/per  square  inch,  is  approximately  16°C. 

Using  this  data,  the  average  surface  temperature 
should  be  approximately  56°C.  In  a  properly  designed 
capacitor,  there  is  a  thermal  gradient  from  the  hoc 
spot  to  the  case  of  about  20°C.  Therefore,  the  hot 
spot  is  approximately  76°C,  which  is  within  the 
temperature  range  where  polypropylene  exhibits  its 
lowest  losses.  In  actual  operation,  surface 
temperatures  were  monitored  and  the  results  were  as 
predicted. 


e  Unique  combination  of  temperature  coefficients 
of  dielectric  constant  and  dissipation  factor 
that  result  In  self-stabilization  at  about 
80Oc 


Another  Important  design  consideration  was  that 
of  Inductance.  The  equivalent  series  inductance  (ESI) 
effectively  limits  the  maximum  rate  at  which  the 
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capacitor  can  deliver  current.  To  achieve  a  low 
inductance  deaign,  several  manufacturing  net hods  were 
employed.  Each  capacitor  winding  was  comprised  of 
multiple  series  sections  and  used  extended  foils  as 
termination .  Keeping  the  width  to  length  ratio  of  the 
capacitor  windings  as  high  aa  possible  and  paralleling 
Che  inductances  of  the  pads  resulted  in  a  net  decrease 
in  Inductance  of  the  capacitor  stack.  By  the 
arrangement  of  conductors  and  terminals,  the  internal 
Inductance  can  also  be  reduced.  By  using  a  low 
profile  Insulator,  the  Inductance  was  reduced  by 
providing  the  creepage  distance  in  the  radial 
direction  which  also  allowed  a  reduction  in  conductor 
length. 


Figure  3.  Dissipating  surface  temperature  rise 
versus  heat  flux  for  various  tempera¬ 
tures  of  cooling  oil 


ESI,  and  ESR  Measurements 

In  order  to  make  valid  comparisons  between 
different  capecitor  designs,  two  techniques  for 
accurate  measurement  of  equivalent  series  resistance 
(ESR)  and  equivalent  scries  Inductance  (ESL)  were 
Investigated.  The  first  method  Involves  charging  the 
capacitor  to  several  hundred  volts  and  then  viewing 
the  current  waveform  while  discharging  it  into  a 
short;  the  actual  procedure  used  is  a  differential 
technique  which  eliminates  the  switch  and  ocher 
hardware  losses  and  Inductances.  The  second  method 
uses  an  rf  oscillator  to  drive  the  capacitor  at  its 
self-resonant  frequency;  at  resonance  the  voltage  and 
current  are  in  phase,  so  ESR  and  ESL  may  both  be 
easily  determined.  This  latter  technique,  as  shown  in 
Figure  4,  became  the  preferred  method. 

The  results  of  these  measurements  are  found  in 
Table  2.  The  Maxwell  capacitor.  Cat.  Mo.  33580,  was 
measured  using  both  techniques  since  it  was  considered 
the  best  design.  This  allowed  che  comparison  of  it 
with  the  other  dhslgna  regardless  of  the  procedure 
utilised.  Note  that  the  Maxwell  capacitor  exhibited 
che  lowest  values  of  both  ESL  and  ESR.  Based  on  these 
values.  Vendor  A's  units  were  deemed  unacceptable. 


Vendor  B's  capacitor  compared  favorably  but  it  didn't 
perform  successfully  under  full  power  test  conditions. 


THE  ESL  IS  GIVEN  8V 


ESL  *  1  *„  •  RESONANT  FREQUENCY 

C  ■  MEASURED  CAPACITANCE 

THE  ESR  IS  GIVEN  BY 

ESR  •  V0  •  VOLTAGE  AT  t0 

l„  "  CURRENT  AT  l0 

Figure  4.  Circuit  for  determining  ESL  and  ESR 


TABLE  2 

PULSE  CAPACITOR  COMPARISON 


CAPACITOR 

ESL 

ESR 

TYPE 

(OH) 

(mf!) 

MAXWELL 

42" 

26" 

#33580 

47*' 

6621 

VENDOR  A 

TYPE  1 

1062' 

19021 

VENDOR  A 

TYPE  2 

592’ 

1402’ 

VENDOR  A 

TYPE  3 

75" 

87" 

VENOOR  B 

49* 

80 21 

VENDOR  C 

47" 

35" 

I)  SELF-RESONANT  OR  STANOlNG  WAVE  METHOO 


21  DIFFERENTIAL  DISCHARGE  METHOO 


Performance  Data 

Repetition  Rate 

The  modulators  were  generally  operated  at 
approximately  550  Hz,  while  the  test  stand  modulator 
was  operated  at  times  up  to  600  Hz.  Aa  the  project 
neared  conclusion,  the  frequency  was  lncreaeed  to 
1000  Hz  for  about  80  hours  with  bursts  to  around 
1250  Hz. 

Operation  and  Theoretical  Life 

Fourteen  Maxwell  capacitors  were  tested  for  a 
total  of  21,000  hours  or  approxlmstely  4.2  x  I0l0 
combined  charge/discharge  cycles.  All  individual 
capacitors  were  operated  for  over  10®  to  1010  cycles 
without  failures.  Vendor  A's  capacitot  experienced 
failure  after  104  to  400  hours  (<10®')  and  Vendor  B's 
two  units  failed  at  eight  minutes  and  after  1856  hours 
(3.7  x  109),  vendor  C  had  three  units  tested  without 
failure;  they  elso  reached  10?  to  1010  cycles.  The 
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continuous  power  at  550  Hz  and  28  kV  (nominal)  was 
32.3  kW  and  at  1000  Hz  It  was  58.8  kU. 

Tha  theoretical  design  Ufa  of  Che  Maxwell 
capacitor  la  >4  x  1010.  This  is  based  on  accalaraCed 
Ufa  cast  daca  at  higher  voltage  strasses  on  siailar 
dielectric  systaas.  Tha  coablnacion  of  the  much  lower 
voltage  scrassas  in  this  design  and  the  proparclas  of 
tha  PXE  oil  could  extend  the  life  to  greater  than  1031 
cycles  or  50,000  hours  at  550  Hz.  This  is  supported 
by  cwo  findings-  one,  the  lack  of  a  permanent 
capacitance  change  with  time  and  the  near  new  Internal 
appearance  of  a  capacitor  after  more  than  1500  hours 
of  operation. 

Capacitance  Change 

It  was  found  chac  the  capacitance  decreased 
during  the  first  thirty  minutes  of  full  power 
operation.  This  phenomena  is  felt  to  be  a  thermal 
capacitance-  change;  permanent  capacitance  decrease 
occurred  in  Vendor  A's  and  B's  capacitors  in  addition 
to  the  "warm  up"  change.  Because  Vendor  A's  and  B's 
units  were  operated  in  the  same  modulator,  their  "warm 
up"  change  was  lumped  together.  Table  3  gives  these 
typical  values.  Note  that  the  permanent  and  warm  up 
changes  of  Vendors  A  and  B  are  significantly  greater 
than  the  Maxwell  unit.  The  Maxwell  capacitor  had  no 
apparent  permanent  capacitance  change  VS  -2.72  and 
-4.12  while  having  half  the  warm  up  change  -1.862  VS 
-3.932. 

TABLE  3 

THERMAL  INDUCED  CAPACITANCE  CHANGES 


HOURS  OF 

MEASURED 

PERMANENT 

WARMUP 

CAPACITOR 

OPERATION 

CAPACITANCE 

CHANGE 

CHANGE 

VENDOR  A 

0 

0.146  mF 

•2.7*  i 

TYPE  2 

361 

0.142 

393* 

VENOOR  B 

0 

0.148  pF 

•41*  J 

361 

0  140  mF 

MAXWELL 

0 

0.159  ,*F 

-0% 

•1  69* 

1149 

-0.159  mF 

Capacitor  Examination 

After  1504  hours  of  operation  or  nearly  3  x  10® 
charge/discharge  cycles,  an  unfalled  capv  :itor  was 
returned  to  Maxwell  Laboratories  for  examination.  Two 
years  following  manufacture,  this  capacitor.  Cat.  No. 
33580,  serial  no.  87401,  was  measured  for  capacitance 
and  dielectric  loss  (dissipation  factor).  The 
capacitance  was  unchanged  while  the  dissipation  factor 
improved  from  .12  (.001)  originally  to  a  reading  below 
tha  scale  on  the  bridge. 

A  sample  of  the  insulating  oil  was  removed  and 
its  volume  resistivity  was  measured.  The  oil  was 
still  well  above  the  minimum  acceptable  value.  There 
was  no  evidence  of  gas  in  the  capacitor.  When  the 
fill  plug  was  loosened,  the  oil  was  still  under  a 
positive  pressure. 

The  cover-insulator  aasembly  was  removed  by 
milling  che  weld  and  the  capacitor  winding  assembly 
was  withdrawn  from  tha  case.  The  major  insulation 
(between  case  and  windings)  was  examined  for  any 
carbonatlon  caused  by  localized  heating  of  electrode 
Interfaces.  None  was  found.  The  solder  was  bright 
with  no  evidence  of  oxidation.  To  check  the  solder 
bonding  between  the  extended  foil  and  connecting  tabs, 
che  cwo  were  pulled  apart.  This  required  a 
screwdriver  for  prying,  pliers  and  a  considerable 
amount  of  force  to  separate.  The  foil  actually  tore 


away  from  the  windings  and  remained  attached  to  the 
swage  ( solder  ) .  'j 

These  two  things,  solder  appearance  and  bonding, 
are  very  important  aspects  to  observe  when  analyzing 
capacitor  construction.  Solder  oxidation  not  only 
degrades  the  dielectric  system  as  a  whole,  but  leads 
to  poor  contact  between  foil  and  collecting  tab.  This 
can  cause  high  contact  resistance  with  arcing  bee  ween 
the  foil  and  the  solder  swage  which  in  turn  ganeratas 
gas,  etc.  leading  to  an  "avalanche  effect."  In  this 
case,  the  Maxwell  unit  had  the  appearance  of  a  new, 
unused  capacitor . 

The  capacitor  windings  were  then  examined  for 
thoroughness  of  impregnation,  margin  control  (wander) 
and  any  signs  of  corona  damage.  All  sections  were 
well-impregnated,  regardless  of  their  position  in  tha 
stack.  A  random  check  of  margins  in  several  different 
windings  showed  them  to  be  uniform,  which  in  turn 
assures  an  even  voltage  division.  Thera  was  no 
evidence  of  corona  in  any  of  the  windings.  The  foil 
edges  were  looked  at  under  magnification  for  signs  of 
browning  or  cracking  and  none  were  found. 

Overall,  the  capacitor  was  in  excellent 
condition.  The  assembly  was  done  well,  all  windings 
were  aligned  with  no  squaring  off  of  the  corners,  Che 
swaging  was  good  and  there  was  no  damage  Co  the 
dielectric  system.  After  dissecting  this  capacitor, 
there  is  no  reason  to  believe  chat  it  would  not  have 
lasted  beyond  its  designed  life. 

Advances  In  Technology 
Dielectric  Films 

Successful  high  repetition  rate  capacitors 
require  low  dielectric  loss  films.  Polypropylene  is 
recognized  as  the  best  film  to  date.  In  recent  years, 
there  have  been  Improvements  in  the  basic  film. 
Standard  polypropylene  film  usually  requires  a  paper 
wick,  in  between  the  layers  of  film,  to  promote 
complete  impregnation.  However,  there  is  now 
available  hazy  or  roughened  films  where  the  surface  of 
at  least  one  side  allows  the  complete  impregnation  of 
an  all-film  winding.  This  further  reduces  dielectric 
losses  and  heating  in  a  capacitor  while  increasing 
energy  density. 

Manufacturing  techniques  have  produced  a  more 
reliable  polypropylene  film  with  a  higher  dielectric 
strength  and  less  defects.  This  has  put  more 
Importance  on  the  uality  and  type  of  dielectric  fluid 
used . 

dielectric  Oils 

Manufacturers  are  constantly  seeking  insulating 
oils  with  high  dielectric  constants  and  low  dielectric 
losses.  The  ideal  impregnant  for  high  rapetltion  rate 
must  possess  a  more  complete  set  of  properties.  These 
properties  are: 

a  High  dielectric  strength 

e  Low  dielectric  loss 

e  The  ability  to  wet  and  possibly  swell 
dielectric  films 

e  Ease  of  handling  (low  susceptibility  to 
contaminants) 

e  The  ability  to  maintain  low  levels  of 
partial  discharges  (corona)  even  at  high 
voltage  stresses  while  having  the  ability  to 
absorb  any  resulting  by-products  (primarily 
gas)  produced  by  these  discharges 
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The  oil  must  be  eble  to  maintain  or  Improve  these 
properties  under  eondlcions  of  rlelng  temperature  and 
tlao  have  long  life  atabllity. 

When  the  baalc  principles  defining  the  chemistry 
required  to  produce  theaa  properties  are  established, 
then  new  Insulating  oils  can  be  more  easily  found  or 
created. 

Today  there  are  several  oils  producing  promising 
results  which  Indicate  an  Improvement  over  the  PXE 
used  in  this  original  Maxwell  capacitor  design,  as 
well  as  Improved  FXE. 


Conclusion 

The  requirement  for  a  very  reliable,  high 
repetition  rate  capacitor  used  In  flash  lamp 
modulators  has  been  met.  The  Maxwell  capacitor 
delivered  to  Jersey  Nuclear~AVCO  Isotopes,  Inc. 
demonstrated  that  the  capacitor  required  for  10,000 
hours  of  continuous  operation  at  over  100  Bs  Is  now 
available. 
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Introduction 


There  are  a  number  of  laser  and  microwave 
transmitter  requirements  where  fast  pulse  rise 
time  and  minimum  size  and  weight  are  of  equal  im¬ 
portance.  The  combined  requirements  of  fast  rise 
time  and  minimum  size  and  weight  make  it  desir¬ 
able  to  eliminate  the  pulse  transformer  from  the 
line  type  modulator  transmitter  design,  since  the 
leakage  inductance  of  the  transformer  increases 
rise  time  and  the  transformer  is  an  extra  compo¬ 
nent  increasing  size  and  weight.  The  elimination 
of  the  pulse  transformer  in  the  line  type  modula¬ 
tor  Imposes  an  extra  burden  on  the  pulse  forming 
device.  The  pulse  forming  device  must  be  charged 
to  twice  the  voltage  required  by  the  load  (laser 
or  microwave  tube)  and  must  also  do  the  job  of 
impedance  matching  between  the  pulse  forming  net¬ 
work  and  the  load.  One  apporach  to  the  problem 
Is  to  use  a  coaxial  cable  as  the  pulse  forming 
device.  The  coaxial  cable  has  fast  rise  time; 
however  there  are  two  disadvantages  to  this  ap¬ 
proach.  The  time  delay  per  unit  length  Is  small, 
making  the  coaxial  cable,  PFL,  too  bulky  for  a 
number  of  transmitter  applications.  A  second 
problem  Is  the  limited  impedance  range  that  can 
be  achelved  with  the  coaxial  transmission  line 
design.  This  is  true  with  a  straight  center  con¬ 
ductor  coaxial  transmission  line  because  the 
inductance  is  fixed  once  the  diameter  of  the 
center  conductor  Is  determined.  In  order  to  in¬ 
crease  the  range  over  which  the  inductance  can  be 
varied  the  straight  center  conductor  Is  replaced 
with  a  continuous  wound  coil  of  wire  in  the  form 
of  a  helix.  The  center  conductor  Is  wound  in  a 
tight  helix  hence  the  magnetic  flux  between  the 
Inner  and  outer  conductor  may  be  neglected.  The 
Inductance  may  be  further  Increased  by  winding 
the  helical  inner  conductor  upon  a  ferromagnetic 
core.  In  order  to  demonstrate  the  feasibility  of 
this  approach,  a  number  of  experimental  pulse 
forming  lines  were  designed,  fabricated,  and 
tested. 


Experimental  Oesign 


The  design  equation  for  a  helical  coaxial 
pulse  forming  line  of  the  type  shown  In  figure  1 


are  given  in  equations  1  to  4. (Fig.  2) 

The  final  helical  line  design  parameters  for 
a  200  Ohm  PFL  are  given  in  Figure  3.  The  center 
conductor  is  a  grooved  bakellte  rod.  The  insul¬ 
ated  22hf  wire  is  wound  using  the  groove  in  the 
bakellte  rod  to  anchor  the  wire.  The  number  of 
turns  per  cm.  Is  8.62  for  a  total  of  88  for  the 
10.2  cm.  length  of  the  PFL.  The  space  between  the 
inner  and  center  conductor  of  the  coaxial  line  is 
filled  with  Stycast  having  a  dielectric  constant 
of  12.  The  outer  conductor  is  a  brass  tube  with 
an  Inner  diameter  of  1.27  cm. 

Some  comments  are  in  order  regarding  the  use 
of  equations  1  through  4.  The  major  problem  area 
is  the  use  of  equation  2  for  the  capacitance.  The 
equation  assumes  a  solid  center  conductor  which  is 
not  true  for  the  helix  coaxial  center  conductor. 
Experemental  data  indicates  that  the  effective  ca¬ 
pacitance  is  about  one  half  the  value  calculated 
by  equation  2. 


Experimental  Results 


A  photograph  of  the  prototype  helical  pulse 
forming  line  is  shown  in  figure  4. 

The  test  circuit  used  to  evaluate  the  helical 
PFL  Is  shown  in  figure  5.  An  1164  thyratron  is 
used  as  a  switch  to  discharge  the  helical  PFL 
which  is  charged  through  a  500  K  resistor  by  a 
d.c.  power  supply.  The  voltage  and  current  of  the 
non  inductive  load  resistor  Is  observed  using  vol¬ 
tage  an  current  probes  with  less  than  1  ns  rise 
time. 

The  Inductance  and  capacitance  of  the  pulse 
forming  line  were  measured  on  an  impedance  bridge 
at  a  frequency  of  1  megahertz.  The  inductance  was 
3.15  microhenrys  and  the  capacitance  was  61  pico- 
farrads.  These  values  give  us  a  calculated 
Impedance  of  227  ohms  and  a  pulse  width  of  28  na¬ 
noseconds. 

A  typical  output  pulse  Is  shown  in  figure  6. 
The  measured  dependence  of  load  voltage  on  load 
resistance  for  a  constant  charging  voltage  of  2  kV 
Is  shown  in  figure  7.  Taking  the  voltage  drop  of 
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the  thyratron  Into  consideration  it  Is  seen  that 
the  measured  impedance  is  very  close  to  the 
design  value  of  200  ohms. 


(1)  L«  uN2h2a2x10-7h/H 

A-  MEAN  DIAMETER  OF  SOLENOID  (m) 


N“  TURNS  PER  METER 

Conclusion 


The  experemental  results  agree  closely  with 
the  design  equations.  The  helical  pulse  forming 
line  results  In  a  significant  reduction  in  the 
length  of  the  transmission  line  required  to 
acheive  a  given  pulse  width.  For  example,  the 
approximately  30  nanosecond  pulse  width  measured 
for  the  prototype  line  would  require  at  least  30 
feet  or  914  cm.  of  RG-213  cable.  Thus  a  reduc¬ 
tion  in  length  of  90  times  has  been  achelved.  It 
should  also  be  noted  that  co-ax  cable  at  impe¬ 
dance  levels  higher  than  75  ohms  is  not  readily 
available. 

The  technique  described  above  has  been  used 
to  acheive  practical  PFl  designs  over  the  Impe¬ 
dance  range  of  20  to  2500  ohms.  A  PFL  with  an 
Impedance  of  800  ohms  was  designed  and  fabricated 
to  match  a  95  GHz  millimeter  wave  magnetron. 

The  small  size  and  ease  of  Impedance  match¬ 
ing  of  the  helical  PFL  makes  this  device 
attractive  for  Darlington  type  voltage  multiplic¬ 
ation  circuits.  Such  a  circuit  is  shown  in 
figure  8. 


U«  RELATIVE  PERMEABILITY 

(2)  O  2.W10-UE  f/„ 

log(Ij/d) 

D*  OUTER  DIAMETER  OF  PFL 
E*  RELATIVE  DIELECTRIC  CONSTANT 
D*  OUTER  DIAMETER  OF  SOLENOID  (m) 


(3) 
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Fig.  2  Inductance  and  capacitance  formulas  for 
helix  PFL 


Fig.  1  Distributed  PFL  with  helically  wound 
center  conductor 


LENGTH :  10.2  cm 

HELIX  DIA. :  0.64  cm  (Grooved  Bakelite  Rod) 

OUTER  CONDUCTOR  ID:  1.27  cm 

OUTER  CONDUCTOR  OD:  1.43  cm 

TOTAL  #  TURNS:  38 

WIRE  SIZE:  #22HF 

DIELECTRIC  SLEEVE:  STYCAST  12 


Fig.  3  Helix  PFL  dimensions  (200  ) 


Fig.  4  Prototype  helical  pulse  forming  line 
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Fig.  7  Dependence  of  load  voltage  for  helix  PFL 
charge  voltage,  2000  v 
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Fig.  8  Three-stage  darlington 


Fig.  6  Waveform  of  output  pulse.  Load,  180  ; 
charging  voltage,  2  kv  vertical,  360  v/cm t 
horizontal,  10  n  sec/cm 


PULSE  CHARACTERISTICS  OF  XENON  FLASHLAMPS 
James  P.  0* Coughlin 
Air  Force  Weapons  Laboratory 
Kirtland  AFB,  New  Mexico 


Summary 

The  efficient  Initiation  of  pulsed  HF/OF  lasers 
with  uv  light  requires  a  source  with  high  spectral 
Intensity  centered  about  285  nm,  a  fast  rise  time 
(.5  nsec),  and  a  pulse  width  of  about  one  micro¬ 
second.  Xenon  flashlamps  are  suitable  for  this  pur¬ 
pose  but  require  some  special  considerations  for 
optimum  performance.  It  has  been  determined  by 
lovol,  Maynard  and  Smith1  that  xenon  lamps  are 
approximate  black  body  radiators  and  a  temperature 
of  13,365°K  provides  the  maximum  radiation  efficien¬ 
cy  of  26.18  percent  through  a  fused  quartz  enclosure 
in  the  250  nm  to  400  nm  band.  Thus  good  performance 
would  be  expected  from  a  lamp  undergoing  a  tempera¬ 
ture  pulse  to  about  13,0Q0°K  in  less  than  about  .5 
usecoods  and  a  width  of  about  one  microsecond.  In 
order  to  accomplish  this,  power  must  be  loaded  Into 
the  lamp  at  a  rate  fast  enough  to  overcome  losses  and 
raise  the  temperature  to  the  target  level  within  the 
.5  microsecond  limit.  To  load  power  at  this  rate  re¬ 
quires  careful  consideration  and  knowledge  of  the 
power  source  and  the  xenon  lamp  Impedance  character¬ 
istics. 

Previous  papers  on  xenon  plasma  Impedance  by 
Gone*2  and  Demenlk  et.  aJ.’  are  empirical  and  in 
poor  agreement  with  each  other.  Also,  no  gas  pres¬ 
sure,  bore  diameter  or  time-temperature  characteris¬ 
tics  are  provided  from  the  approximations.  In  both 
papers  the  resistivity  Is  reported  to  be  inversely 
proportional  to  the  square  root  of  the  current  densi¬ 
ty  but  the  scaling  factors  differ  from  .22  (Goncz)  to 
1.13  (Demenlk). 

The  approach  taken  In  this  paper  models  the  re¬ 
sistivity  of  the  plasma  based  on  established  physical 
characteristics,  such  as  Ionization  rate,  drift  ve¬ 
locity,  electron  number  density,  fill  pressure,  bore 
diameter,  specific  heat,  radiation  loss,  temperature 
and  current  density.  Normally  flashlamps  are  operat¬ 
ed  in  a  mode  which  is  dominated  by  thermal  Ionization. 
When  sufficiently  high  electric  fields  are  forced 
upon  flashlamps  both  thermal  and  electric  field  stress 
contribute  to  the  ionization  and  the  lamp  will  turn  on 
(l.e.  raise  to  high  temperature)  much  more  rapidly. 

In  addition  to  more  rapid  turn  on  It  has  been  experi¬ 
mentally  observed  that  a  large  enhancement  of  ultra¬ 
violet  radiation  centered  at  about  300  nm  occurs  when 
the  lamp  Is  driven  with  high  electric  fields  in  the 
order  of  15 0  Townsends. 

Method  of  Approach 

In  order  to  gain  a  better  understanding  of  the 
plasma  Impedance  than  that  available  from  the  empir¬ 
ical  approach,  a  simple  model  based  on  established 
physical  characteristics  Is  used.  Plasma  resistivity 
Is  given  by: 


j  eNeVd 


(1) 


where:  p  *  resistivity  (ohm-cm) 

E  *  electric  field  (volts/cm) 

J  »  current  density  (amps/cm2) 
e  *  electron  charge  (1.602  E-19 
coulombs) 

*  electron  number  density  (#/cm3) 

Vd  *  electron  drift  velocity  (cm/sec) 

In  addition  to  the  usual  assumption  that  the 
current  Is  all  electronic,  the  number  density  (Ne) 

Is  taken  to  be  due  to  thermal  Ionization  and  the 
drift  velocity  is  assumed  to  be  proportional  to  E/N. 


The  degree  of  thermal  ionization  is  given  by 
Saha's  equation4  as: 

—  .  L££d  T2.5  Exp  (-eV{/kT)*  q 
pTorr 


where:  X  *  fraction  of  Ionization  (Ne  «  XN) 
PTorr  3  1amp  ff11  Pr6;sure  (Torr) 

T  *  temperature  °X 
Vj  *  ionization  potential  (12.38 
volts  for  Xe) 

K  *  Soltzman’s  constant  (1.38E-23 
.  Joule/K° 

Q  »  X2/(l-X2) 

The  linear  approximation  for  the  drift  velocity® 


Vd  *  A(E/N)  (cm/S)  (3) 

where:  A  for  Xe  $  5.3IE21  (cm2  volt-sec) 

N  *  molecular  number  density 

Combining  (1),  (2),  and  (3)  the  resistivity  as 
a  function  of  temperature  and  fill  pressure  Is: 


Equation  (4)  is,  of  course,  valid  only  when  thermal 
Ionization  dominates  above  about  3000*K,  so  for 
xenon  lamps  operating  between  9000,K  and  1$,000°K 
It's  a  valid  assumption.  The  second  ionization  po¬ 
tential  of  Xe  Is  32  volts  and  could  be  used  to  extend 
the  temperature  range  above  15,000‘K  If  one  desired. 


In  figure  1  the  calculated  resistivity  of  Xe  Is 
shown  as  a  function  of  temperature  for  fill  pressures 
of  10,  25,  50,  and  100  Tor r. 
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If  one  assumes  that  the  black  body  radiation 
from  a  cylindrical  lamp  Is  In  equilibrium  with  the 
input  electrical  power  the  expression  In  (5)  evolves. 


where:  0  *  lamp  bore  diameter  (cm) 
a  *  emlsslvlty 


The  equilibrium  condition  exists  for  time  spans 
greater  than  tens  of  microseconds.  A  reasonable 
agreement  with  data  published  by  Avlzonls6  for  200 
microsecond  pulses  Is  shown  In  Table  I.  Also  shown 
are  the  values  of  resistivity  as  predicted  by  Soncz 
and  Demenik  which  are  approximately  an  order  of 
magnitude  too  low. 


TABLE  I 

XENON  RESISTIVITY  DATA 
Resistivity  Values  (ohm-cm) 


Oata 

Measured 

Calculated 

Calculated 

Calculated 

No. 

by  (6) 
Avlzonls 

per 

this  paper 

per  (2) 
Goncz 

per  (3) 
Demenik 

l 

.0528 

.042 

.0021 

.0110 

2 

.0480 

.025 

.0017 

.0087 

3 

.0467 

.038 

.0018 

.0052 

4 

.0460 

.033 

.0017 

.0087 

For  the  case  of  cylindrical  lamps  equations  (4) 
and  (S)  can  be  combined  to  obtain  a  plot  of  J  fo 
(current  density  times  root  lamp  diameter)  vs  g 
(resistivity).  These  curves  for  fill  pressures  of 
1,  25,  and  400  Torr  are  shown  In  figure  2.  Notice 
the  curves  are  relatively  Insensitive  to  pressure 
over  the  400  to  1  range  and  that  they  converge  to 
about  .0012  ohm-cm  at  high  temperatures  (%  14000*K). 


The  fact  that  the  resistivity  (and  consequently  the 
resistance)  of  a  lamp  Is  quite  low  In  the  desired 
operating  temperature  range  Implies  that  for  effi¬ 
cient  operation  the  characteristic  Impedance  of  the 
driver  (usually  a  pulse  forming  network,  PFN)  must 
approximate  a  good  match  to  the  lamp  over  the  major 
(low  resistance)  portion  of  the  pulse. 

If  this  Is  the  case  then  the  maximum  voltage  to 
which  the  network  Is  initially  charged  Is  only  on 
the  order  of  twice  the  voltage  when  It  Is  delivering 
power  to  the  lamp  at  operating  temperature.  A  check 
of  the  electric  field  E  obtained  from  figure  2  shows 
a  typical  range  on  the  order  of  100  volts  per  centi¬ 
meter  corresponding  to  only  5.6  Townsends  or  about 
twice  this  amount,  11.2  Townsends  as  a  maximum 
stress  when  the  PFN  first  turns  on  Into  a  cold  gas. 
As  the  gas  heats  up  the  E  field  stress  drops  to  much 
lower  levels. 


The  point  Is  that  such  low  stress  eliminates  any 
possibility  of  electric  field  Ionization  therefore 
under  these  conditions  the  turn  on  time  process  of 
the  lamp  is  entirely  controlled  by  the  development 
of  thermal  Ionization. 

If  one  is  to  speed  up  the  rate  at  which  the 
lamp  raises  Its  temperature  to  the  desired  operating 
level  one  must  force  It  to  accept  energy  at  a  faster 
rate.  The  logical  thing  to  do  Is  apply  enough  volt¬ 
age  to  cause  E  field  Ionization  In  addition  to  the 
thermal  Ionization.  This  means  raising  the  PFN  or 
capacitor  voltage  to  much  higher  levels  but  still 
melntalnlng  a  low  characteristic  Impedance  to  Insure 
an  efficient  overall  energy  trantfer.  The  danger  Is 
too  much  energy  will  break  the  lamp.  Empirically 
the  explosion  energy  density  Is  given  by: 
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^EXP  “  ^8000  vT/D  joules/cm3 

where:  JEXP  »  explosion  energy  density  (j/cm3) 
t  •  pulse  width  (sec) 

D  *  lamp  diameter  (cm) 

To  keep  below  the  explosion  limit  one  must  reduce  the 
capacitor  size  as  the  voltage  Is  Increased  such  that 
the  explosion  limit  Is  not  exceeded. 

Experiments  were  made  with  50  Torr  lamps  with 
stresses  as  high  as  150  Townsends  (2666  volts/cm). 
This  Is  about  equivalent  to  applying  40  kV/cm  to 
atmospheric  air. 

Under  these  conditions  the  lamp  of  course  turns 
on  much  faster  but  other  things  also  happen.  The 
current  to  the  lamp  shows  a  strong  erratic  behavior 
Indicating  streamers  In  the  plasma,  this  both  In¬ 
creases  the  rate  of  bulk  temperature  rise  and  en¬ 
hances  the  output  of  ultraviolet  light.  A  trace  of 
lamp  current  showing  the  erratic  behavior  Is  shown 
In  figure  3. 


O  .2  .4  .6  .8  1 


figure  3 

CURRENT  PULSE  4  mm  LAMP 

A  black  body  equilibrium  between  current  den¬ 
sity,  resistivity  and  temperature  assumed  In  figure  2 
no  longer  holds.  Of  the  total  power  Input  to  the 
plasma  only  about  10-20  percent  Is  accounted  for  by 
black  body  radiation,  the  rest  Is  taken  by  the  Ioni¬ 
zation  of  the  gas,  the  excitation  of  metastable 
states,  the  raising  of  the  bulk  temperature,  and 
other  losses.  Lamps  of  4,  5,  and  7  mm  bore  diameter 
at  fill  pressures  of  50  Torr  were  tested.  The  ob¬ 
served  current  density  and  resistivity  of  a  5  mm  Is 
shown  in  figure  4.  Also  plotted  In  figure  4  Is  the 
resistivity  based  on  the  assumption  of  only  thermal 
Ionization.  Since  the  time  scale  Is  much  too  short 
to  even  approach  thermal  equilibrium  and  the  electric 
field  strength  Is  sufficiently  high  to  contribute  to 
the  Ionization  and  considerable  discrepancy  between 
the  two  resistivities  Is  to  be  expected.  The  rela¬ 
tive  spectral  Intensity  was  measured  at  1 .3  kV/cm, 

2.0  kV/cm,  and  2.6  kV/cm  and  Is  shown  in  figure  5. 

The  time  waveform  of  the  light  pulse  at  300  nm  Is 
shc^>  in  figure  6.  The  spectral  Intensity  develops 
a  very  Intense  peak  around  300  nm.  This  peak  Is  far 
in  excess  of  what  would  be  expected  from  a  black  body 
radiator  and  Is  attributed  to  the  ultraviolet  radia¬ 
tion  from  the  hot  streamers  which  are  assumed  to  be 
at  a  higher  temperature  than  thn  bulk  temperature  of 
the  gas.  The  7  mm  lamp  produced  •  peak  at  about 
250  nm  whereas  the  4  and  5  mm  lamps  peaked  at  about 
300  nm.  In  any  event  the  spectral  peak  Is  very  de¬ 
sirable  In  frequency,  Intensity  and  tlms  envelope  for 
the  efficient  Initiation  of  HF/OF  chemical  laser 
reactions. 
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Figure  6 

DETECTED  LIGHT  INTENSITY  .5  „s/cm 
5  mm  LAMP  155  kA/cm3 
x  •  30  nm  ax  •  50  nm 
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Conclusions 

The  resistivity  of  xenon  plasma  may  be  calcu¬ 
lated  on  the  assumption  of  thermal  (Saha)  Ionization 
and  a  linear  approximation  of  electron  drift  velo¬ 
city  provided  that  the  applied  electric  field  Is  not 
sufficient  to  contribute  to  the  Ionization,  l.e. 
less  than  about  40  Townsends.  These  calculations 
show  a  weak  dependence  of  resistivity  on  the  lamp 
fill  pressure  over  a  very  wide  range.  The  resisti¬ 
vity  can  be  related  to  lamp  current  density,  diameter, 
and  fill  pressure  when  black  body  radiation  processes 
are  near  equilibrium.  Very  fast  and  intense  ultra¬ 
violet  output.  In  less  than  a  microsecond,  can  be 
obtained  when,  the  lamp  is  driven  with  sufficiently 
high  E  field  stress  to  produce  electric  field 
Ionization  streamers  In  addition  to  the  thermal 
ionization  process. 
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BROAD-AREA  DISPENSER  CATHODES  FOR  HIGH  POWER  GAS  LASERS 

H.  W.  Friedman,  J.  E.  Eninger,  L.  N.  Litzenberger 
Avco  Everett  Research  Laboratory,  Inc.,  Everett,  MA  02149 


We  have  demonstrated  long  life  operation 
of  dispenser  cathodes  in  configurations  appli¬ 
cable  to  high  power  gas  lasers.  Grid  switched 
operation  reduces  pulse  power  requirements 
and  the  high  repetition  rate  permits  high  av¬ 
erage  power  operation.  A  10  cm  *  10  cm  modu¬ 
lar  cathode  has  been  scaled  to  a  full  1  meter 
array.  Operation  for  long  duration  pulses, 
in  a  magnetic  field  and  at  high  repetition 
rates  has  been  demonstrated. 

Introduction 

Dispenser  cathodes  have  several  proper¬ 
ties  which  render  them  well  suited  for  e-beam 
sources  in  high  power  gas  laser  systems. (D 
The  cathodes  exhibit  no  diode  closure  effects 
even  at  high  current  density  and  for  long 
pulse  widths.  The  emission  density  is  uni¬ 
form  and  compatible  with  externally  applied 
guide  magnetic  fields.  The  cathodes  can  be 
repetitively  pulsed  in  either  a  diode  or 
triode  configuration  and  the  useful  lifetime 
can  be  thousands  of  hours. 

The  Avco  Everett  Research  Laboratory  has 
been  developing  these  cathode  arrays  for 
laser  applications  and  in  a  previous  work!2' 
reported  high  current  density  e-beams  in  a 
quide  magnetic  field  and  under  repetitively 
'lsed  conditions.  In  this  paper  we  report 
two  continuing  efforts:  a  lifetime  test 
-or  a  single  10  cm  *  10  cm  module  and  scale- 
up  of  ten  such  modules  to  a  full  l  meter 
e-beam.  The  life  test  parameters  are  applic¬ 
able  to  e-beam  stabilized  discharge  lasers 
such  as  HgBr  while  the  1  meter  array  results 
are  directed  towards  e-beam  sustained  dis¬ 
charge  lasers  such  as  COj ,  see  Fig.  1. 


CURRENT  DENSITY  {A/em*] 


Fig.  1.  E-Beam  Source  Requirements  and 
Constraints  for  Several  Classes 
of  Lasers. 

( 


Table  1  summarizes  the  parameters  of  the  two 
tests. 


Table  1 

Dispenser  Cathode  Development  Tests 

UK  TUT  I  MtTtK  TEST 


CATHOOE  SIZE 

10  s  10  cm 

10  >  100  on 

GRID  PULSE 

10  kV 

2  kV 

ACCELERATION  VOLTAGE 

75-100  kV 

120  kV 

CURRENT  OENSITY 

I  f  Atom2 

30  mA/am2 

PULSE  WIDTH 

20S  nwe 

20  jatte 

repetition  rate 

200  H* 

(CONTINUOUS! 

MO  H< 

(S  PULSE  SURST) 

MAGNETIC  FIELD 

N  A 

1  kG 

FOIL 

1  Mil  Ti 

(CONDUCTION  COOLED) 

1  Mil  At 
(HEAT  SUNK! 

Cathode  Life  Test 

The  life  test  was  carried  out  with  a  sin¬ 
gle  10  cm  »  10  cm  dispenser  cathode  module  in 
a  grid  pulse  mode  with  a  d.c.  applied  acceler 
ating  voltage  of  up  to  100  kv.  A  photograph 
of  the  grid  portion  of  the  high  voltage  termi 
nal  is  shown  in  Fig.  2.  A  smoothly  faired 


Fig.  2.  10  cm  *  10  cm  Dispenser  Cathode 

Grid  Structure. 

cover  fits  around  the  grid  with  tlie  grid  bars 
flush  with  the  surface.  The  grid  structure 
is  water  cooled  including  the  grid  bars  and 
the  dispenser  cathode  module,  shown  in  Fig,  3 
is  set  1.5  cm  behind  the  bars.  The  heater 
structure  consists  of  tungsten  rods  encased 
in  alumina  tubes  which  are  inserted  in  holes 
drilled  in  the  cathode  block. 

The  grid  pulse  circuit,  shown  in  Fig.  4, 
uses  a  step  down  transformer  for  the  filament 
power  and  a  thyratron  switched  Blumlein  con¬ 
figuration  for  the  grid  pulse. 
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Fig.  3.  10  cm  »  10  cm  Dispenser  Cathode 

Module  with  Tubular  Heater 
Structure. 
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Fig.  4.  Grid  Pulse  Circuit  {or  Life  Test 
Experiment. 

The  results  of  the  life  test  are  indi- 
cated  in  Fig.  S.  An  average  emission  current 
density  of  1.6  A/cm?  was  obtained  throughout 
the  70  hour  test  although  slow  variations 
about  this  average  were  observed  during  the 
day.  These  variations  were  caused  by  drift¬ 
ing  charge  voltage  levels  in  the  unregulated 
grid  pulse  power  supply.  No  degradation  of 
the  cathode  emission  was  noted  during  the 
70  hours  and  the  test  was  stopped  for  pro¬ 
grammatic  rather  than  technical  reasons.  The 
repetition  rate  was  set  at  200  Hz  because  of 
power  dissipation  in  the  grid  pulse  supply, 
however,  repetition  rates  of  500  Hz  were 
easily  achieved  for  short  bursts  of  -1  sec 
duration. 

One  Meter  Cathode  Array 


In  the  second  test,  ten  of  the  10  cm  * 
10  cm  dispenser  cathodes  were  arranged  in 
line  to  demonstrate  scaling  to  the  1  meter 
length  level.  The  operating  mode  was  again 
a  triode  configuration  with  an  accelerating 


0  I  2  3  «  S  C 

NUMBER  OF  PULSES  <  I07 

5.  50-Million  Shot  E-Beam  Test  Results. 


voltage  of  120  kv.  Pulse  lengths  of  20  usee 
and  current  densities  of  30  mA/cm2  were  re¬ 
presentative  of  C02  laser  operation,  see  Fig. 
1.  The  repetition  rate  of  500  Hz  was  limited 
to  bursts  of  5  pulses  for  power  supply  con¬ 
siderations. 

A  photograph  of  the  10 -module  cathode  ar¬ 
ray  is  shown  in  Fig.  6  with  the  filament  struc 
ture,  similar  to  that  shown  in  Fig.  3,  running 
longitudinally  through  the  modules.  A  water 
cooled  grid  structure  is  placed  1.5  cm  in 
front  of  the  cathodes  as  shown  in  Fig.  7.  The 
grid  aperture  has  been  masked  down  to  6  cm  in 


Fig.  6.  1  Meter  Dispenser  Cathode  Array. 

height  for  other  purposes.  A  smoothly  faired 
cover  plate  fits  flush  with  the  face  of  the 
grid  structure  to  provide  a  high  voltage  ter¬ 
minal.  The  grid  pulse  circuit,  Fig.  8,  is 
similar  to  that  of  the  life  test  with  the 
short  pulse  thyratron  modulator  replaced  by  a 
hard-tube  pulser.  Thermal  modeling  calcula¬ 
tions  including  radiation  and  conduction 


Fig.  7.  1  Meter  Water  Cooled  Grid  Structure. 
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Fig.  8.  Pulse  Circuit  for  l  Meter  Array. 
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9.  E-Beam  Current  PuJse  »shape  from 
the  1  Meter  Array. 


References 

E.  Eninger,  "Broad  Area  on  Beam 

Technology  for  Pulsed  High  .  Gas 
Lasers",  3rd  IEEE  Pulsed  Power  Conf., 
Albuquerque,  N.M.,  June  1981,  Paper  27.1, 
p.  499. 


K4SII 

Fig. 


(1) 


J. 


^  H.  w.  Friedman,  J.  E.  Eninger,  "Repetitive¬ 
ly  Pulsed  Dispenser  Cathodes",  3rd  IEEE 
Pulsed  Power  Conf.,  Albuquerque,  N.M.  , 

June  1981,  Paper  27.6,  p.  519. 


losses  from  the  cathode  structure  agree  with 
the  filament  power  required  to  maintain  the 
cathodes  at  the  brightness  temperature  of 
1200 °Cb  as  is  confirmed  by  direct  pyrometer 
measurements . 

The  output  waveshape  for  the  e-gun  cur¬ 
rent  is  shorn  in  Fig.  9  for  a  120  kv  accel¬ 
erating  voltage  and  a  1  kG  externally  applied 
axial  field.  Two  pulses  were  generated  with 
a  spacing  of  -2  msec  for  an  effective  repeti¬ 
tion  rate  of  500  Hz.  The  top  trace  is  the 
overlay  of  the  two  pulses  at  a  fast  sweep 
speed  and  the  bottom  trace  shows  the  pulses 
at  a  slower  speed.  The  pulse-to-pulse  re¬ 
producibility  is  excellent  as  is  the  case 
with  an  overlay  of  up  to  ten,  2  pulse  runs. 
The  rise  and  fall  times  have  been  purpose¬ 
fully  extended  to  reduce  the  possibility  of 
inductive  "kicks”  which  could  induce  arcing 
for  these  long  duration  pulses.  The  natural 
rise  time  of  the  pulse  is  less  than  100  nsec. 


/ 


195 


THYRATRON  SWITCHED  MARX  GENERATOR ‘ 
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Simaary 

Operation  of  a  Marx  generator  using  8613  hydrogen 
thyracrons  as  switches  and  pul se-forming  networks  as 
energy  scorage  elements,  with  the  switches  in  the  upper 
stages  of  the  Marx  being  triggered  by  a  signal  derived 
from  the  lower  stages  (internal  triggering),  was  inves¬ 
tigated. 

Timing  requirements  and  erection  diagnostics  were 
determined  using  a  two-stage  Marx,  with  both  stages 
triggered  from  separate  external  sources  (manual  trig¬ 
gering).  Ic  was  found  improper  timing  led  to  large 
wltage  spikes  on  the  last  stage  anode  and  a  poor  out¬ 
put  pulse  shape.  Triggering  the  second  (N+L)  stage 
from  a  signal  in  the  f  irst  (Nth)  stage  was  unsuccess¬ 
ful  . 

A  three-stage  Marx  was  examined,  with  all  stages 
triggered  manually,  to  confirm  timing  requirements. 
Triggering  the  third  (N+2)  stage  from  a  signal  in  c  he 
first  (Nth)  stage,  with  stages  one  and  two  externally 
triggered,  was  successful. 

Triggering  the  N*-2  stage  from  the  Nth  stage  using 
a  four-stage  Marx  (four  from  two  and  three  from  one) 
ws  very  successful. 

The  investigation  showed  the  amplitude  of  the 
voltage  spike,  on  the  last  stage  anode,  and  the  output 
[ulse  shape  to  be  a  function  of  the  trigger  timing 
between  stages.  Output  pulse  risetime  was  almost  trwice 
aa  fast  as  the  PFN's  (pulse-forming  network)  risetime. 

Introduction 

Pulsed  power  supplies  to  drive  loads  such  as  high 
energy  lasers,  charged  parcicle  beam  accelerators  or 
electron  beam  gun*  often  require  repetitive  operation 
in  the  kilohertz  (kHz)  range.  Marx  generators  are 
cocmaonly  used  to  provide  high  energy  pulses  for  various 
loads. 

Basic  Marx  generators  operate  by  charging  capaci¬ 
tive  energy  scorage  elements  arranged  in  parallel  to  a 
low  or  medium  voltage  level.  Switches  are  used  to 
electrically  reconfigure  (erect)  the  storage  elements 
in  series,  producing  an  effective  multiplication  of  tie 
charging  voltage. 

The  switching  component  normally  used  with  the 
Marx,  a  high  pressure  spark  gap,  is  severely  limited  in 
repetition  frequency  by  the  time  required  to  recover 
its  voltage  holdoff  capability  for  the  next  charging 
cycle.  The  thyratron,  a  low  pressure,  gas  filled,  hot 
cathode  switch  Is  inherently  capable  of  much  higher 
repetition  frequencies.  Since  thyratrons  arm  switched 
differently  from  sperk  gsps,  they  will  not  substitute 
directly  for  the  sperk  gsps. 

Thyrstrons  irt  normally  switched  on  wf*n  a  grid 
[wise  is  applied,  but  will  also  go  Into  conduction 
If  their  forward  breakdown  voltage  Is  exceeded.  Con- 
diction  due  to  a  elf -breakdown  (overvolt  ing)  la  unde¬ 
sirable  since  It  results  In  slower  deionization  timea, 
decreased  lifetime*  at  higher  frequencies  and  a  lota 


of  control  over  timing  of  the  switching  event.  Proper 
operation  of  the  thyratron  requires  the  grid  pulse  be 
applied  soon  enough  to  allow  the  start  of  conduction 
before  overvoicing  occurs. 

Marx  operation  imposes  an  additional  requirement 
on  t  he  switching  of  the  thyratron.  A  well-formed  out¬ 
put  pulse  requires  the  Marx  be  erected  in  an  orderly 
manner.  A  poorly  formed  output  pulse  results  from 
applying  the  grid  pulses  too  early  or  too  late. 

The  use  cf  thyratrons  in  a  Marx  has  been  pre¬ 
vented  by  the  requirements  to  introduce  a  trigger 
signal  and  heater  power  to  the  thyratron  at  elevated 
voltage  levels.  Isolation  of  these  inputs  at  high 
voltages  is  a  difficult  problem.  Only  the  triggering 
problem  was  addressed  in  this  experiment. 

A  logical  method  to  obtain  the  properly  timed 
grid  pulse3  for  the  upper  stage  thyratrons  would  be  Co 
derive  them  from  the  lower  stages  of  the  Marx  (internal 
triggering).  Ewanizky  examined  this  problem  earlier.2 

Two-Stage  Marx  Generator 

A  manually  triggered,  resonantly  charged,  negative 
output,  two-stage  Marx  shown  in  Figure  1  was  used.  The 
switch  tubes  are  8613/HY1A  triode  hydrogen  thyratrons 
and  the  stage  isolating  chokes  (L)  are  1.7  millihenry 
inductances.  The  trigger  isolation  pulse  transformer 
Tj  has  a  1:1  turns  ratio,  and  the  load  consists  of  low 
kiductance  carborundum  resistors  with  a  total  resis¬ 
tance  of  94.4  ohms.  Each  PFN  is  a  f  ive-seccion,  E-star 
50-ohm,  1 -microsecond  pulse  width  with  a  (IEEE)  rise¬ 
time  of  175  nanoseconds.  Timi  co  major  break  is  also 
175  ps  and  is  defined  ax  the  cime  from  che  10!!  point 
(same  as  the  10*  point  on  the  10-902!  risetime)  of  the 
risetime  to  where  the  knee  on  the  najor  rise  occurs. 
This  time  is  used  to  indie  ace  the  sharpness  of  Che 
initial  rise. 


Stsg*  1  j  Stag*  2 


Figure  1.  Manually  Triggered  Two-Stage  Marx 

A  spike  always  sp pears  on  the  anode  voltage  of 
whichever  thyratron  is  firing  last.  Since  a  large 
voltage  spike  on  the  anode  could  ceuse  the  thyratron 
co  overvolt,  the  spika  amplitude  was  used  at  a  figure 
of  merit  for  the  performance  of  the  Marx. 

Both  thyratrons  of  the  Marx  ware  externally 
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triggered  Co  determine  Che  timing  requirements  neces¬ 
sary  to  prevent  excessive  anode  voltage  spikes  and  to 
observe  output  waveforms  for  various  time  delays  be¬ 
tween  tubes  one  and  two.  The  time  difference  between 
firings  is  measured  from  the  anode  voltage  falls  of 
Che  tubes. 

When  Che  firings  of  the  tubes  are  brought  closer 
togecher  in  time,  the  anode  spike  decreases  in  magni¬ 
tude  and  the  oucput  voltage  waveshape  Improves.  This 
seemed  to  indicace  that  both  tubes  should  be  fired  at 
the  same  time.  Although  anode  voltage  spikes  were 
eliminated  by  firing  the  thyracrons  simultaneously, 

Che  best  output  shape  occurred  when  cube  one  was  trig¬ 
gered  approximately  35-40  ns  before  tube  two.  It  is 
probable  the  lead-time  in  triggering  tube  one  is  re¬ 
tired  to  charge  the  stray  capacitances  present  in  the 
second  stage  of  Che  Marx. 

Table  X  shows  the  relationship  between  Che  spike 
cn  tube  two's  anode  voltage  and  the  time  difference 
between  triggering  tubes  one  and  cwo,  which  must  be 
snail  if  the  anode  spike  is  to  be  held  down.  This  pro¬ 
vides  an  excellent  diagnostic  tool  for  internal  trig¬ 
gering. 


TABLE  I 

Trigger  Diagnostics 


Time  Difference 
Tube  One  and 
Anode  Voltage 

Bet  ween 

Two 

Fails 

Tube  Two*s  Anode 
Voltage  Spike 
Amplitude 

35  ns 

4  00  v 

40  ns 

I  000  v 

50  ns 

2  000  v 

60  ns 

3  000  v 

70  ns 

4  000  v 

After  the  trigger  timing  requirements  and  diag¬ 
nostics  were  established,  experimentation  to  crigger 
tube  two  from  an  event  in  stage  one  began.  Many 
crigger  circuits  and  locations  are  possible,  but  the 
trigger  circuit  in  Figure  2  offered  an  excellent  chance 
for  success.  This  trigger  circuit  was  selected  because 
it  did  not  add  Inductance  to  the  discharge  path  of  the 
erected  Marx.  Energy  for  the  crigger  circuit  comes 
from  che  power  supply  and  not  from  the  erecting  Marx. 


Figure  2.  Internally  Triggered  Two-Stage  Marx 


The  trigger  circuit  consists  of  a  500-picofarad  (pF) , 
30-kV  capacitor  in  series  with  che  primary  side  of  T2 , 
a  1:1  hand-wound  transformer.  The  capacitor  was  sized 
by  determining  the  charge  required  to  fire  che  thyra- 
tron. 


Anode  voltages  of  the  internally  triggered  two- 
stage  Marx  are  shown  in  Figure  3.  The  top  trace  is 
node  two  voltage  and  the  bottom  trace  is  anode  one 
roltage.  The  traces  were  separated  vertically  for 
clarity. 


Figure  3.  Anode  Voltages  of  Internally 
Triggered  Two-Stage  Marx 


Anode  two  had  a  voltage  spike  of  3000  volts,  and 
there  was  a  time  difference  of  65-70  ns  between  the  cwo 
aiode  falls.  This  time  difference  corresponds  closely 
with  the  time  difference  for  a  3  000-volt  anode  spike 
in  Table  I. 


Tube  two  was  being  fired  far  too  late  and  several 
changes  to  the  circuit  were  made  in  an  attempt  to  fire 
cube  two  sooner.  All  attempts  to  decrease  the  time 
difference  were  unsuccessful. 

It  was  decided  that  triggering  the  Mil  stage  from 
the  Nth  stage  was  not  possible,  but  triggering  the  N+Z 
stage  from  the  Nth  stage  had  a  high  probability  of  suc¬ 
cess.  This  optimism  was  due  to  the  fact  that  a  35-40 
ns  time  difference  between  the  anode  fallt  gave  a  good 
output  shape,  when  manually  triggered,  and  internal 
triggering  was  giving  a  time  difference  of  65-70  ns 
between  the  anode  falls. 


Three-Stage  Marx  Generator 

A  third  stage  was  added  to  the  Marx  and  the  load 
resistance  was  increased  to  140  ohms.  Trigger  cir¬ 
cuitry  was  set  up  so  che  three  thyracrons  could  be 
fired  in  any  order  with  any  desired  separation  between 
the  anode  falls.  This  as  done  to  verify  the  tw-scage 
results. 


It  was  found  that  the  tubes  could  be  fired  in  any 
order  and  scill  give  an  acceptable  output  pulse  shape, 
with  proper  t  iming  of  che  triggering.  Best  results, 
however,  were  obtained  wich  a  1,  2,  3  firing  order,  as 
etpected. 

A  good  load  pulse  shape  was  obtained  with  tube  one 
firing  2  0-30  ns  before  Cube  two,  with  tube  three  firing 
aiywhere  between  0  and  2  5-30  ns  after  tube  two.  Timing 
requirements  for  the  three-stage  Marx  have  become  a 
little  tighter,  especially  between  the  second  and  third 
stages.  It  Is  felt  the  significant  decrease  in  time 
difference  between  the  last  two  stages  is  due  to  the 
stray  capacitances  being  partially  charged  when  tube 
cne  Is  f  ired. 


Next,  che  first  and  second  stages  were  triggered 
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mutually  using  TM-2  7't,  with  chs  third  scsgs  being 
triggered  from  the  first.  The  trigger  circuit  for  the 
third  stage  was  the  a  at  as  in  the  two-stage  M-rx. 


Since  timing  for  chs  three-stage  Marx  was  still 
highly  variable,  ic  was  decided  to  look  at  all  three 
node  voltage  falls  equally  spaced.  Success  of  this 
case  would  iaply  the  Internal  trigger  aechod  could  be 
used  for  Marx  generators  having  a  larger  nuaber  of 
stages.  This  clae  spacing  did  not  provide  the  optima 
output  pulse,  but  still  gave  an  acceptable  load  pulse 
shape.  There  were  approximately  35  ns  betwean  chs 
fall  of  each  anode.  Tube  two  and  Cube  three  both  had 
anode  spikes  close  to  1000  volts  and,  therefore,  cor¬ 
respond  very  nicely  to  the  values  in  Table  I. 


Four-Stage  Marx  Generator 


A  fourth  stage  was  added  to  the  Marx  with  stages 
one  and  two  fired  externally.  Stage  three  was  trig¬ 
gered  from  stage  one  and  stage  four  was  triggered  from 
stage  two.  The  incernel  c rigger  circulcs  are  the  same 
as  in  the  two-stage  circuit  except  the  hand-wound 
transformers  are  wound  as  step-up  transformers  with  a 
1:2  turns  ratio.  The  load  was  increased  to  1S8  ohms. 
The  firing  of  the  second  chyracroo  was  delayed  30  ns 
from  chat  of  the  first  tube  due  to  results  of  the 
two-  and  three-stage  Marx  experiments. 


The  anode  voltages  for  all  four  thyratrons  are 
shown  in  Figure  4.  The  time  between  each  anode  fall 
is  30-35  ns.  Uhlle  small  anode  spikes  are  present  on 
the  third  and  fourth  thyracrona,  they  do  not  cause 
firing  due  to  overvolting.  The  traces  are  separated 
vertically  for  clarity. 


Figure  4.  Anode  Volcagee  for  Four-Stage  Marx, 
100  Ha,  epy  -  6  kV 


The  load  voltage  output  waveshape  Is  presented 
in  Figure  5.  The  waveform  has  a  rlsstlas  (10—90*) 
of  100  ns  and  a  small  amount  of  ripple. 

An  Interesting  and  significant  result  is  the 
rlattlae  of  the  load  pulse.  The  load  pulse  has  a 
10-901  rlsetlme  of  100  ns  with  a  time  to  major  break 
at  70  ns.  The  PFN'e  times  wars  175  ns  and  175  ns, 
tdvich  are  considerably  slower.  This  could  possibly 
be  caused  by  a  sharpening  effect  from  each  stags. 

More  work  is  needed  in  this  area  to  determine  the 
■tact  causa  of  output  pulse  sharpening. 

To  insure  that  the  Internal  trigger  circuits  were 
actually  responsible  for  firing  the  third  and  fourth 
thyratrons,  several  checks  were  made.  First,  the  In¬ 
ternal  trigger  circuit  transformers  were  disconnected 
from  only  the  third  and  fourth  stage  thyratrons.  Then 
the  transformers  were  reconnected  to  the  third  and 
fourth  stages  and  disconnected  from  the  first  and  sec¬ 
ond  stages.  Finally,  the  internal  trigger  circuits 
were  completely  removed  from  the  Marx  generator  cir¬ 
cuit.  The  Marx  did  not  operate  in  an  acceptable 
tanner  for  any  of  these  conditions. 

In  all  three  cases,  the  results  were  the  same. 
Excessive  anode  voltsge  spikes  characteristic  of  over- 
voicing  appeared  on  tubes  three  and  four.  The  output 
pul se  waveshape  had  a  ragged  leading  edge  end  a  large 
amount  of  ripple  on  the  top  of  the  pulse.  Only  mini¬ 
mal  control  of  the  anode  voltage  spikes  and  the  output 
wveshape  could  be  achieved  by  varying  the  time  delay 
between  tubes  one  and  two.  Ho  timing  setting  could 
reduce  the  anode  voltsge  spikes  to  an  acceptable  level 
or  return  the  output  pulse  waveshape  to  that  shown  In 
Figure  5.  These  results  show  that  proper  firing  of 
lubes  three  and  four  Is  due  to  the  internal  trigger 
circuit  and  not  capacitive  division  or  inductive 
coupling  e ffects. 

Once  the  baseline  data  was  collectsd,  tbs  peak 
anode  voltage,  epy,  and  repetition  rates  were  varied 
to  Che  limits  of  the  power  supply  and  Internal  trigger 
circuit  transformer  insulation  as  seen  in  Table  II. 

The  output  waveshapes  remained  constant  with  variations 
In  repetition  rate  and  charging  voltage. 

TABLE  II 

Circuit  Capabilities 


Frequency 

Load  Voltage 

Limit 

100  Hz 

2  6.0  kV 

Insulation  of  Internal 

Trigger  Circuit 
Transformers 

1000  Hz 

12.5  kV 

Power  Supply 

2000  Hz 

6.0  kV 

Power  Supply 

An  important  and  encouraging  effect  of  raising 
the  charging  voltage  wee  observed  on  the  anode  voltage 
of  the  fourth  tube.  The  anode  voltage  spike  did  not 
Increase  proportional  to  ths  increasing  value  of  Spy. 
This  means  that  Spy  can  be  raised  to  nearly  the  volt¬ 
age  holdoff  limit  of  Che  tube  without  firing  due  to 
at  overvolting  caused  by  the  spike. 

There  are  two  possible  causes  for  this  effect: 

1.  The  increasing  energy  stored  in  ths  trigger 
circuit  capacitor.  This  energy  increases  by  the 
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square  of  e.„  and  could  cause  chs  Cube  co  turn  on 
faster. 


find  a  faster  netted  of  triggering. 

2.  Investigate  what  effect  the  nuaber  of  stages 
In  the  Marx  has  on  the  risetlae  of  the  oucput 
pulse. 


2.  The  Increasing  anode  voltage  brings  the  tube 
nearer  to  Its  self  breakdown  voltage.  The  nearer 
the  thyratron  Is  to  Its  breakdown  voltage,  the 
easier  It  Is  for  the  same  grid  signal  co  turn  on 
the  tube. 

To  determine  if  the  Internal  trigger  circuit  could 
be  used  in  a  Marx  chat  had  more  chan  four  stages.  In¬ 
ternal  trigger  circuics  with  dummy  loads  were  attached 
to  cubes  three  and  four.  The  operating  conditions  were 
the  same  as  the  basic  four-stage  Marx  experiment.  The 
output  waveshape  and  cube  four's  anode  voltage  were 
compared  with  and  without  the  dummy-loaded  trigger  cir¬ 
cuits  in  stages  three  and  four.  There  were  no  observ¬ 
able  differences  between  the  secs  of  waveforms.  This 
Indicates  that  a  stage  fired  by  an  internal  trigger 
circuit  can  fire  another  stage  without  adversely  af¬ 
fecting  Marx  operation. 

Conclusion  and  Recoamendatlona 

It  is  possible  co  use  an  internal  triggering 
scheme  to  fire  hydrogen  ttyracrons  employed  as 
switches  in  a  Marx  generator  and  achieve  a  well-formed 
output  pulse. 

Based  on  observations  made  during  the  investiga¬ 
tion,  the  following  recommendations  are  proposed  for 
further  study: 

1.  Although  a  workable  triggering  circuit  was 
proven,  more  experiments  should  be  conducted  to 


3.  A  five-  or  six-stage  Marx  should  be  con¬ 
structed  to  prove  that  a  stage  fired  by  the  in¬ 
ternal  trigger  circuit  can  actually  fire  another 
stage  aa  indicated  by  the  experiment  with  trigger 
circuits  attached  to  tubes  three  and  four. 

4.  Replace  the  PFN's  with  lengths  of  coaxial 
cable  to  examine  Marx  operation  with  a  fast  rise- 
time  pulse.  Ic  is  possible  a  fast  pulse  may  re¬ 
quire  the  time  difference  between  anode  falls  to 
be  very  small  in  order  to  prevent  excessive  anode 
spikes. 

Footnotes 

1  This  work  was  done  as  partial  fulfillment  of  a 
Masters  Degree  at  the  Air  Force  Institute  of  Tech¬ 
nology  by  Capt  Kiaberlln  and  CPT  Lundberg.  It  was 
jointly  funded  by  tha  Defense  Nuclear  Agency  and 
ET&D  Laboratory,  U.S.  Any  ERADCOM,  Ft.  Monmouth, 

New  Jersey.  The  thesis  was  entitled  ‘Internal 
Triggering  Marx  Generator  Using  Hydrogen  Thyra- 
trons.”  Mr.  William  Wright  served  as  thesis  ad¬ 
visor. 

2  EWANIZKY ,  THEODORE  F.,  "High  Repacitlon  Rate  Thyra¬ 
tron  Marx  Bank,"  IEEE  Conference  Record  of  1960 
Fourteenth  Pulse  Power  Modulator  Symposium.  CH1573-5 
191-194,  IEEE  Electron  Devices  Society,  1980. 
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Summary 

A  modular  line-type  modulator  has  been  developed  with  design  fea¬ 
tures  that  include  variable  pulsewidth  and  PRF,  single  shot  and  burst 
capability,  and  automatic  fault  isolation  with  switching  to  remove 
failed  modules  from  the  system  while  continuing  operation  at  a  re¬ 
duced  level  of  performance.  The  design  addresses  a  requirement  of  40 
ItW average  power  output,  7.5  MW  peak  power  output,  and  3,  6,  and 
12  second  pulsewidths.  The  pulsewidth  can  be  changed  on  a  pulse-to- 
pulse  basis  by  utilizing  selective  resonant  charging  in  conjunction  with 
PFNs  that  incorporate  diode  isolation  between  segments. 

Modular  construction  is  used  in  the  inverter  power  supply;  the 
charging  system,  and  the  modulator  to  facilitate  maintainability  and 
allow  for  automated  graceful  degradation.  The  modulator  uses  Re¬ 
verse  Blocking  Diode  Thyristors  (RBDTs)  for  the  discharge  switches 
to  offer  instant-on  capability  with  a  high  degree  of  reliability. 

T\*o  stages  of  regulation  are  incorporated  to  achieve  pulse-to-pulse 
stability  of  the  high  voltage  output.  Inverter  regulators  provide  the 
first  stage  of  regulation  followed  by  a  precision  solid-state  regulator 
to  accurately  control  the  charge  voltage  amplitude  on  the  PFNs. 


Introduction 

The  program  to  develop  the  versatile  solid-state  modulator  de¬ 
scribed  herein  was  funded  by  the  Naval  Research  Laboratories  under 
contract  N0O173-78-C-O24S.  It  was  intended  to  extend  the  previous 
modular  solid-state  modulator  technology  development  to  include 
such  key  features  as: 

•  Selectable  pulsewidth  on  a  pulse-to-pulse  basis 

•  Variable  pulse  repetition  frequency  from  0  to  1500  pps  average 

•  Single  pulse  or  burst  capability  of  up  to  2000  pps 

•  Variable  output  voltage  from  0  to  1 12  kV 

•  Automatic  fault  isolation  with  the  capability  to  disconnect  failed 
modules 

•  Pulse-to-pulse  voltage  regulation  of  at  least  0.05  percent. 

The  basic  block  diagram  of  the  modulator  and  the  associated  charging 
system  is  shown  in  figure  1.  Modularity  is  used  in  the  raw  dc  power 
supply,  the  power  inverter,  the  selectable  charging  networks,  and  the 
pulse  forming  network  modules  which  also  contain  the  discharge 
switches.  The  power  flow  through  the  system  starts  with  line  rectifica¬ 
tion  of  the  120/208  volt,  3  phase  input.  The  power  inverter  modules, 
which  operate  at  a  frequency  of  10  kHz.  step  the  unregulated  dc  up  to 


Figure  I.  Bask  Stock  Diagram  for  Multiple  Pale* width  Solid-State  Modulator 
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a  maximum  voltage  of  1300  volts.  The  outputs  from  three  power  in¬ 
verter  modules  are  combined  in  three  paralleled  energy  storage  capaci¬ 
tors.  Command  resonant  charging  is  accomplished  by  triggering  the 
desired  command  charge  module  which  determines  the  pulsewidth  to 
se  used  for  a  particular  PRT.  Each  of  the  three  command  charge  mod¬ 
ules  feeds  into  four  paralleled  PFN  modules,  charging  only  those  sec¬ 
tions  of  the  PFN  that  correspond  to  the  selected  pulsewidth.  The  trig¬ 
ger  amplifier,  after  receiving  a  discharge  signal,  produces  a  common 
high  voltage  trigger  with  a  rate  of  rise  of  23  kV/microsecond  that  is 
applied  to  the  four  PFN  modules.  The  PFN  module  outputs  are  com¬ 
bined  in  the  primary  of  a  high  turns  ratio  pulse  transformer  to  deliver 
the  output  pulse  to  the  load.  The  precision  regulator,  shown  in  the 
tower  right-hand  corner  of  the  diagram,  is  triggered  on  to  perform  its 
regulating  function  at  a  predetermined  time  before  the  discharge 
process  begins.  It  provides  a  controlled  bleed  of  the  energy  stored  on 
the  PFNs  to  give  a  pulse-to-pulse  regulation  of  0.03  percent.  One 
other  control  signal  applied  to  the  modulator  power  system  is  the  in¬ 
put  that  selects  the  amplitude  of  the  voltage  processed  by  the  modula¬ 
tor.  This  control  is  accomplished  by  varying  the  on  time  of  the  power 
inverter  modules.  Figure  2  is  a  photograph  of  the  system.  The  cabinet 
on  the  right  contains  the  raw  dc  modules,  storage  capacitors,  and  reg¬ 
ulator.  The  main  modulator  cabinet  houses  the  three  power  inverters 
at  the  top.  the  four  PFN  modules  and  trigger  amplifier  in  the  center, 
and  the  three  command  charge  modules  and  cooling  blower  at  the 
bottom. 


Flgun  2.  Prototype  Modulator  a ad  Power  Supply 
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Figure  3  shows  the  basic  circuit  used  for  generating  the  1300-volt 
input  to  the  command  charge  modules.  Each  of  the  three  raw  dc  mod¬ 
ules  has  a  power  contactor  in  its  ac  input,  and  each  power  inverter 
module  is  fed  through  an  isolating  diode  at  its  output.  These  features 
provide  the  means  to  remove  a  failed  unit  from  the  operating  system 
when  a  fault  is  detected.  The  raw  dc  module  contains  a  three-phase 
ridge,  step  start  circuitry  to  minimum  in-rush  current,  and  an  LC 
Iter.  Approximately  3400  microfarads  of  capacitance  are  provided  in 
each  of  the  modules.  The  280-volt  output  feeds  into  an  inverter  mod¬ 
ule  that  contains  the  basic  SCR  inverter  which  operates  into  a  step  up 


transformer  and  single  phase  rectifier  bridge  to  produce  the  1300-volt 
output.  The  three  paralleled  outputs  for  the  system  provide  over  43 
k  W  of  output  power  in  normal  operation.  The  reserve  power  capabil¬ 
ity  of  the  inverter  modules  is  such  that  the  required  45  kW  can  be 
supplied  by  only  two  modules.  Such  would  be  the  case  when  a  faulty 
inverter  module  was  disconnected  from  the  system.  The  obvious  pen¬ 
alty  that  is  paid  for  this  feature  is  a  larger  sized  module.  Figures  4  and 
5  show  the  raw  dc  and  inverter  modules,  respectively,  and  figure  6 
shows  the  cabinet  that  houses  the  raw  dc  supplies  and  storage  capaci¬ 
tors. 


PFN  Chargheg  System 


The  charging  system  is  shown  in  figure  7.  The  choke  used  for  the 
resonant  charging  is  an  air  core  inductor  divided  into  three  sections, 
each  having  0.22  mH  of  inductance.  Ail  three  sections  are  used  when 
charging  the  PFNs  for  the  12-microsecond  pulsewidth.  two  sections 
for  the  6-microsecond  case,  and  only  one  section  for  the  3-microsec¬ 
ond  pulse.  Changes  in  inductance  are  required  because  of  the  different 
PFN  capacitance  at  the  various  pulsewidths  and  the  different  PRF 
requirements  at  the  various  pulsewidths.  The  PRF  and  pulsewidth  re¬ 
lationship  is  as  follows: 


Pulsewidth 

3  microseconds 
6  microseconds 
12  microseconds 


PRF 

0  to  1680  pps 
0  to  920  pps 
0  to  420  pps 


Each  of  the  command  charge  modules  contains  five  scries  SCR s 
which  are  triggered  from  a  multiple  secondary  pulse  transformer  to 
provide  adequate  isolation  between  SCR  triggers.  Three  diodes  are 
also  employed  in  series  with  the  SCRs  to  improve  the  voltage  hold-off 
capability  of  the  string.  The  output  of  each  of  the  modules  is  routed 
through  a  power  contact  to  isolate  it  from  any  PFN  module  which 
may  have  failed.  A  photograph  of  a  typical  command  charge  module 
is  shown  in  figure  8.  The  “L”  shaped  configuration  is  used  in  order  to 
conveniently  package  the  three  command  charge  modules  around  the 
charging  inductor,  as  shown  in  figure  9. 


Pulse  Forming  Network  Module 


The  basic  building  block  of  the  modulator  is  the  PFN  module, 
which  contains  a  pulse  forming  network,  an  RBDT  switch  assembly,  a 
trigger  circuit,  monitoring  circuitry,  and  minor  auxiliary  circuitry.  A 
simplified  schematic  diagram  of  the  PFN  module  in  figure  10  can  be 
used  to  illustrate  the  function  of  the  module. 

The  pulse  forming  network  has  three  charging  terminals.  Each  ter¬ 
minal  and  the  portion  of  the  network  that  is  charged  through  it  is 
diode  isolated  from  the  sections  to  the  right.  Thus,  application  of  volt¬ 
age  to  terminal  I  results  in  only  section  I  of  the  network  being 
charged.  When  terminal  2  is  used,  both  sections  I  and  2  are  charged 
together.  The  network  is  an  “E"  type  network,  but  there  is  only  mini¬ 
mal  mutual  coupling  between  the  three  discrete  pulsewidth  sections  of 
tl  PFN. 

The  switch  used  to  discharge  the  PFN  is  a  series  string  of  five 
RBDTs  packaged  in  an  assembly  that  includes  the  trigger  blocking 
diodes  and  (he  backswing  diodes.  The  assembly  includes  finned  heat¬ 
sinks  between  each  of  the  semiconductors  over  which  flows  cooling  air 
which  is  ducted  to  the  PFN  module.  The  RBDT  stack  it  triggered  by 
applying  s  high  rate  of  rise  voltage  impulse  across  the  RBDTs  in  the 
forward  direction.  This  impulse  is  generated  by  dumping  a  trigger 
storage  capacito'  through  a  trigger  transformer  that  is  capacitivcly 
coupled  across  the  RBDT  stack.  Dumping  of  ail  trigger  storage  capac¬ 
itors  to  generate  the  trigger  pulse  is  controlled  by  the  (rigger  amplifier 
chassis  located  to  the  right  of  the  PFN  modules  in  the  center  shelf  of 
the  modulator  cabinet.  Various  monitors  are  included  in  each  PFN 
module,  including  charging  current,  discharge  current,  and  stack  volt¬ 
age,  which  can  be  used  to  detect  a  failed  RBDT.  Since  the  voltage 
rating  on  the  RBDT  is  a  minimum  of  800  volts  per  device,  the  hold-off 
voltage  of  the  stack  is  at  least  4000  volts.  Operation  of  the  circuit 
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Figure  t.  Raw  dc  Power  Snppty  ud  Rqtluor  Cabinet 

require!  a  maximum  hold-off  of  only  3  kV.  Since  the  mode  of  failure 
of  an  RBDT  is  too  short,  the  circuit  can  continue  to  perform  within 
specification  with  failed  devices  in  the  circuit.  The  voltage  monitor  for 
the  stack  is  provided  to  give  an  indication  that  a  device  has  failed.  The 
relatively  low  voltage  and  high  current  levels  employed  when  using 
RBDT  switches  result  in  low  characteristic  impedance  for  the  PFNs  in 
this  type  of  modulator.  In  this  instance,  the  PFN  was  selected  (o  have 
a  1-ohm  impedance  per  module.  With  four  modules  in  a  parallel 
bank,  the  total  source  impedance  seen  at  the  pulse  transformer  pri¬ 
mary  is  only  0.2$  ohm.  This  low  source  impedance  places  a  strict  limi¬ 
tation  on  the  amount  of  stray  inductance  that  may  he  introduced  by 
the  copper  path  between  the  PFN  bank  and  the  pulse  transformer. 
This  restriction  can  be  overcome  by  proper  selection  of  location  of 
modules  in  the  system  and  by  the  proper  selection  of  the  type  of  high 
current  conductor  used  in  the  connections  between  the  PFN  modules 
and  the  input  to  the  pulse  transformer.  Among  the  candidates  used 
previously  are  multiple  twisted  pairs,  coaxial  cable,  and  copper  con- 
ductor/dielectric  sheets.  In  this  particular  application,  twisted  pairs  of 
wire  were  used  to  facilitate  connections  made  to  the  various  contacts 
used  to  isolate  modules.  Because  of  the  need  to  continue  operation  of 
the  modulator  when  a  PFN  module  has  failed  and  been  disconnected 
from  the  modulator,  there  is  a  need  to  consider  what  effects  take  place 
under  those  conditions.  Figure  1 1  is  the  load  line  nomograph  that  can 
be  used  for  such  an  analysis.  The  normal  mode  of  operation  is  with 
four  modules  operating  at  a  storage  voltage  on  the  PFN  of  237$  volts. 
The  load  is  a  klystron  with  a  beam  microperveance  of  2.0.  If  a  PFN 
module  is  dropped  from  the  modulator  PFN  bank,  the  output  current 
decreases  by  about  10  amperes  and  the  output  voltage  decreases  by 
about  10  kV.  In  order  to  return  to  the  original  operating  point,  the 


voltage  on  the  PFN  is  increased  to  282$  volts  and  full  performance 
can  be  achieved  with  only  three  modules.  Similarly,  if  the  voltage  is 
increased  to  3  kV  and  the  full  complement  of  PFN  modules  is  availa¬ 
ble,  then  operation  is  possible  at  up  to  108  kV  and  71  amperes  with  the 
capacity  built  into  the  modulator.  The  module  characteristics  under 
various  conditions  are  summarized  below: 


4-modele 

Operation 

Normal 

Power 

3  model# 
Opcredoo 
Normal 
Power 

2 -model* 
Operettoa 
Redoced 
Power 

Operation 

Maxima 

Power 

PFN  Storage  Voltage  (V) 

2373 

282$ 

3000 

3000 

Pulse  Current/ 

1188 

1384 

1978 

1362 

Module  (A) 

Pulse  Power  Out/ 

1.22 

1.62 

1.63 

1.92 

Module  (MU') 

Total  Modulator  Pulse 

4.86 

4.86 

3.27 

7.67 

Power  Out  (MW) 

The  PFNs  that  are  used  in  the  modules  are  constructed  from  dry 
reconstituted  mica  capacitors  and  coils  made  from  rectangular  cross- 
section  conductors.  The  mechanical  construction  of  the  PFNs  is  such 
that  the  diodes  that  isolate  each  section  are  built  into  the  network  to 
minimize  lead  length.  They  are,  however,  easily  removable  through 
access  holes  in  the  framework  of  the  PFN  modules.  The  capacitance 
of  the  pulse  forming  network  used  in  each  module  is  2.02,  3.42,  and 
$.99  microfarads,  respectively,  for  the  3.  6,  and  12  microsecond  por¬ 
tions  of  the  networks.  Figure  12  shows  the  mechanical  packaging  of 
the  pulse  forming  network  module.  The  switch  stack  is  located  near 
the  bottom  and  the  PFN  at  the  top.  The  backswing  clipper  circuit  in 
the  center  of  the  module  makes  use  of  the  diodes  mounted  in  a  com¬ 
pression  fitting  to  the  left  of  the  noninductive  resistors.  Quick  discon¬ 
nect  electrical  connections  capable  of  handling  the  high  peak  currents 
are  located  between  a  pair  of  guide  pins  that  provide  for  proper  align¬ 
ment  when  inserting  the  PFN  module  into  the  cabinet. 

Onlpat  Transformer  and  Load 

The  output  transformer  is  a  high  turns  ratio  device  (1:88)  with  a 
primary  that  uses  copper  sheet  to  combine  the  outputs  from  the  four 
PFN  modules.  Insulation  is  provided  by  kraft  paper  and  the  unit  is 
immersed  in  an  oil  tank.  This  same  tank  is  used  to  provide  the  cooling 
and  insulation  for  the  load  used  during  testing.  A  1667-ohm  woven 
resistor  bank  is  immersed  in  the  oil  to  provide  the  load  on  the  trans¬ 
former  secondary.  The  heat  transferred  to  the  oil  is  removed  by  water 
cooling  circulated  through  heat  exchanger  coils  in  the  tank.  The  con¬ 
tacts  that  provide  isolation  between  the  transformer  and  the  PFN 
modules  in  the  event  of  module  failure  are  located  outside  of  the  tank 
and  are  mounted  to  the  modulator  cabinet  wall  adjacent  to  the  trans¬ 
former/load  tank  location. 

The  transformer  design  is  similar  to  that  used  on  various  produc¬ 
tion  programs,  such  as  the  TPS-43G.  Because  of  the  high  leakage  in¬ 
ductance  chat  high  turns  ratio  transformers  tend  to  have,  special 
winding  design  is  required.  The  leakage  inductance  referred  to  the 
primary  is  approximately  0.9  microhenries  and  the  open  circuit  induc¬ 
tance  referred  to  the  primary  is  about  67  microhenries.  Figure  13  de¬ 
picts  a  typical  transformer  in  this  class. 

Precision  Regulator 

There  is  some  degree  of  regulation  provided  by  the  power  inverter 
modules,  typically  0.J  percent.  In  cases  where  added  transmitter  sta¬ 
bility  is  required  for  applications  like  high  performance  MTI  systems, 
a  precision  regulator  is  necessary.  The  approach  selected  for  this  appli¬ 
cation  is  one  which  operates  directly  on  the  charge  that  has  been  ap¬ 
plied  to  the  PFN.  During  each  charge  cycle,  the  PFN  is  overcharged 
by  a  small  amount.  The  regulator  is  then  turned  on  at  a  fixed  time 
before  the  discharge  of  the  network.  Charge  is  then  bled  off  of  the 
PFN  at  a  rate  which  is  directly  proportional  to  the  difference  between 
the  PFN  voltage  sample  and  a  reference  voltage.  The  reference  voltage 
is  a  level  derived  from  the  long-term  average  of  samples  taken  from 
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previous  charge  voltage  samples.  The  result  is  that  the  reference,  and 
therefore  the  PFN  voltage,  is  free  to  float  up  and  down  with  the  high 
voltage  power  supply.  The  dissipation  in  the  regulator  is  minimized, 
and  the  short-term  stability  required  for  the  MT1  system  operation  is 
maintained.  Since  coarse  regulation  is  maintained  by  the  power  in¬ 
verters  to  within  one  step  of  inverter  operation,  typically  12  volts,  the 
precision  regulator  can  then  hold  the  pulse-to-pulse  regulation  of  the 
PFN  voltage  to  approximately  1  volt.  The  quality  of  regulation  is  also 
influenced  by  the  amount  of  time  that  can  be  allowed  for  regulation 
operation,  in  this  case,  about  SO  microseconds.  The  regulation  period 
is  determined  by  the  PRF  and  by  the  amount  of  time  required  to 
charge  the  PFNs.  Obviously,  more  time,  and  therefore  better  regula¬ 
tion,  can  be  achieved  by  malting  the  power  inverters  larger.  Operation 
at  higher  inverter  frequencies  to  minimize  the  inverter  step  size  also 
helps  to  improve  the  regulation.  Figure  14  is  a  simplified  schematic  of 
the  regulator.  For  Misapplication,  where  the  PFN  is  divided  into  three 
separate  puisewidths,  the  sample  of  the  voltage  is  taken  from  the  3-mi¬ 
crosecond  segment  since  it  has  voltage  applied  to  it  regardless  of  which 
of  the  puisewidths  is  selected.  The  chassis  housing  the  precision  regu¬ 
lator  is  shown  in  figure  13. 

The  synchronization  of  the  regulator  with  the  other  modulator  trig¬ 
gers  is  shown  in  figure  16.  The  charge  trigger  input  starts  the  appro¬ 
priate  command  charge  of  the  PFN  modules.  As  the  voltage  on  the 
storage  capacitors  falls,  the  power  inverter  modules  turn  on  to  replen¬ 
ish  the  energy  withdrawn  from  the  capacitors.  When  the  regulator  is 
triggered,  current  is  conducted  through  the  regulator  in  an  exponen¬ 
tially  decaying  rate  up  until  the  time  the  discharge  pulse  is  triggered. 
Because  of  the  use  of  a  staggered  PRF,  variations  in  interpulse  period 
occur  which  are  compensated  for  by  varying  the  time  between  the 
pulse  discharge  and  the  time  at  which  the  command  charge  modules 
are  turned  on. 

Test  Data 

Since  a  number  of  the  features  that  can  be  achieved  with  solid-state 
RBDT  modulators  have  been  described  in  previous  papers,  we  will 
address  here  those  items  which  are  peculiar  to  this  program.  First  is 


the  maximum  PRF  of  2000  pps.  Previous  production  modulators  have 
operated  in  the  230  to  700  pps  range  using  RBDTs.  In  this  system,  the 
use  of  power  inverters  to  charge  a  capacitor  bank  which  furnished  the 
source  for  a  command  charge  circuit  was  necessary.  Prior  techniques 
using  inverters  to  directly  charge  the  PFN  modules  did  not  allow  suf¬ 
ficient  time  to  charge  the  modules  at  this  short  interpulse  period.  By 
having  a  limitation  on  the  operating  frequency  of  the  inverters,  the 
size  of  the  voltage  steps  necessary  to  charge  the  PFN  in  the  interpulse 
period  cause  intolerable  voltage  ripple  on  a  pulse-to-pulse  basis.  In 
addition,  the  command  charge  approach  also  offered  a  convenient 
way  to  incorporate  the  pulsewidth  selection.  Figure  17a,  b,  and  c  indi¬ 
cate  the  voltage  pulse  which  is  measured  at  the  rear  of  the  cabinet  for 
the  3,  6,  and  12  microsecond  pulses.  Of  primary  interest  is  the  effect 
on  pulse  shape  of  the  diodes  inserted  within  the  PFNs  to  isolate  be¬ 
tween  the  sections.  A  relatively  flat  pulse  is  achieved  even  with  the 
diode  discontinuities.  A  slight  perturbation  can  be  noted  on  the  ex¬ 
panded  scale  in  the  upper  trace  of  the  6  and  12  microsecond  pulses. 
Figure  17  is  a  composite  of  the  currents  for  the  three  puisewidths 
taken  at  slightly  different  voltage  levels  on  the  PFN  (100-volt  dc  varia¬ 
tion).  The  rise  and  fall  times  of  the  pulses  appear  to  be  excessive, 
particularly  for  the  short  (3  microsecond)  case.  The  reason  for  this  is 
in  the  relatively  long  interconnecting  cables  that  were  required  to  mate 
the  various  modulator  assemblies  with  the  disconnect  switches  used 
for  automatic  fault  removal.  The  problem  was  further  compounded 
by  the  mechanical  layout  of  the  cabinet  which  was  dictated  for  the 
program.  The  pulse  transformer  and  load  are  located  to  the  side  of  the 
modulator  cabinet,  rather  than  at  the  back  where  the  PFN  module 
output  connections  are  located.  Testing  was  done  to  verify  that  the 
automatic  fault  sensing  and  reconfiguration  circuitry  functioned  as 
desired  with  good  results.  It  seems,  therefore,  that  the  inclusion  of  this 
circuitry  is  a  mixed  blessing.  Since  further  testing  is  scheduled  for  the 
modulator,  one  of  the  prime  items  will  be  a  revamping  of  the  intercon¬ 
nections  to  the  oil  tank  from  the  modulator.  There  is  every  reason  to 
believe  that  rise  times  on  the  order  of  1  microsecond  will  be  achieved 
based  on  the  history  noted  in  a  variety  of  different  production  RBDT 
modulators. 
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Figure  14.  Precis! oa  Regulator 
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PRECISION  RJLSE  REGULATOR  FOR  RADAR  MODULATORS 

Charles  A.  Corson 
Westinghouse  Electric  Corporation 
Baltimore,  Maryland 


SUMMARY 

The  transmitted  RF  in  modem  radar  systems  is 
required  to  have  a  high  degree  of  phase  staoility. 
This  in  tum  places  a  stringent  requirement  on  the 
pulse  to  pulse  repeatibility  of  modulator  systems 
that  power  the  RF  amplifiers  in  high  performance 
transmitters.  This  paper  describes  how  a  single 
transistor  has  been  used  to  control  the  pulse  forming 
network  (PFN)  voltage  in  an  18.5  KW  average  power 
modulator  to  jp.001%  pulse  to  pulse.  A  90  watt  all 
solid  state  nigh  voltage  regulator  controlled  a  3000 
volt  PFN  pulse  voltage  with  less  than  1 /2K  dissipated 
power  loss.  Staggered  pulse  repetition  rate 
variations  of  »3CK  were  demonstrated. 

HISTORICAL  DEVELOPMENT 

In  the  early  1970 's,  Westinghouse  developed  two 
different  high  voltage,  high  power  shunt  regulators 
to  regulate  PFN  voltage  in  a  transmitter  modulator. 
One  regulated  a  *  pulse  to  pulse  variation  on  a 
25  KV  PFN  to  *0.02*  and  the  other  regulated  a  4* 
pulse  to  pulse  variation  to  +0.02%  on  a  3  KV  PFN. 

Both  regulators  dissipated  about  one  thousand  watts 
at  a  cost  of  about  *  of  the  total  system  power,  and 
both  regulators  were  designed  using  a  vacuum  tube  as 
the  dissipative  shunt  load.  This  was  required 
because  of  the  high  voltages  involved.  In  1978  a  new 
technique  was  developed  which  allowed  the  vacuum  tube 
to  be  replaced  with  a  solid  state  regulator.  A 
regulator  was  designed  for  delivery  in  several  radar 
systems  for  a  foreign  country.  A  2  1/2*  pulse  to 
pulse  variation  on  a  3  kv  pfn  was  regulated  down  to 
*0.00*  and  the  power  dissipated  in  the  regulator  was 
4*  of  the  modulator  power.  At  the  same  time  another 
design  was  being  developed  at  westinghouse  to 
demonstrate  *0,001*  regulation  on  a  2.5  kv  PFN.  This 
unit  was  used  in  conjunction  with  a  westinghouse 
developed  charging  technique  that  pre-regulated  the 
PFN  voltage  to  0.4*  pulse  to  pulse  without  any 
dissipative  regulators.  This  solid  state  shunt 
regulator  dissipated  only  IX  of  the  total  modulator 


power  in  an  11  kw  average  power  modulator.  The  shunt 
regulator  assembly  was  later  modified  to  regulate  the 
PFN  voltage  in  an  ARSR-3  radar  transmitter 
modulator.  The  Westinghouse  ARSR-3  radar  is  used  by 
the  FAA  for  air  traffic  control.  The  modified  unit 
was  designed  to  regulate  the  existing  0.0*  pulse  to 
pulse  PFN  voltage  variation  down  to  *0.001%  with  a 
single  transistor  and  dissipated  only  90  watts  out  of 
the  18.5  KW  in  the  modulator  (99.*  efficiency). 
Figures  1  and  2  show  the  breadboard  of  this  regulator. 

REGULATOR  CIRCUIT  DESCRIPTION 

Figure  3  is  a  schematic  of  the  basic  regulator. 

PFN  voltage  is  sampled  and  compared  against  a 
reference.  The  error  is  anplified  to  drive  the 
regulating  transistor.  Regulator  current  is  sensed 
and  fed  back  so  that  regulator  current  is 
proportional  to  PFN  error  voltage.  This  produces 
exponential  current  and  error  voltage  which  approach 
perfect  regulation  at  the  rate  of  the  time  constant 
of  the  regulator  loop.  R1  was  chosen  to  pass 
slightly  more  than  the  maximum  average  current  that 
would  be  needed  to  shunt  regulate  the  PFN  voltage 
based  on  expected  performance  without  this 
regulator.  Cl  was  chosen  so  that  the  pulse  to  pulse 
voltage  variations  across  R1  would  be  considerably 
less  than  the  zener  (VR1)  voltage  rating,  which  is 
lower  than  the  transistor  (01)  voltage  rating.  Cl, 

01  and  VR1  can  be  seen  in  Figure  1  and  R1  is  shown  in 
Figure  2.  Selecting  these  components  was  relatively 
easy.  What  could  have  been  difficult  was  providing  a 
stable  reference.  If  a  system  were  to  produce  1* 
pulse  to  pulse  PFN  voltage,  the  regulator  would  then 
be  required  to  bleed  about  IX  of  the  modulator  power 
continuously.  A  slight  drift  in  the  reference  or 
reference  divider  (say  1/2%)  would  throw  the 
regulator  out  of  control  so  that  it  was  either  turned 
on  all  the  time  or  not  turned  on  enough  and  not 
regulating  all  pulses.  Therefore  the  absolute 
reference  level  must  be  held  to  a  much  tighter 
tolerance.  An  adjustment  potentiometer  would  permit 
this  but  would  not  automatically  adjust  for  major 
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changes  in  the  PF N  voltage  level.  Some  applications 
allow  a  proportion  of  the  output  to  be  heavily 
filtered  and  adjusted  with  a  potentiometer  as  the 
reference.  This  can  be  reasonably  successful  except 
for  tight  tolerance  applications  where  temperature  or 
long  term  drift  may  alter  the  relationship  of  the 
actual  PFN  voltage  to  the  regulators'  reference. 

This  problem  was  overcome  with  a  floating  reference 
derived  from  the  average  current  in  R2  instead  of  the 
PFN  voltage  or  a  fixed  reference. 

figure  4  shows  how  this  reference  was 
implemented.  R2  senses  regulator  current.  S3  and  C3 
filter  out  the  pulsed  characteristics  of  the 
regulator  current.  Amplifier  A2  has  a  fixed  gain  of 
about  100.  Because  R4  and  C4  are  1j. je  values  and  R5 
is  small,  the  voltage  on  C4  does  not  change 
substantially  from  pulse  to  pulse  but  has  a  fixed 
ratio  to  the  average  regulator  current.  Because  of 
the  gain  in  A2,  drift  in  the  reference  and  part  value 
tolerance  effects  were  corrected  by  the  gain  of  A2. 
When  the  pfn  voltage  is  intentionally  changed,  the 
floating  reference  voltage  on  C4  adjusts  itself  in 
the  same  direction.  Regulator  current  charges 
proportionally  with  PFN  voltage.  By  controlling 
regulator  current,  regulator  losses  have  been 
maintained  very  close  to  the  minimum  level  required 
for  perfect  regulation,  and  excess  power  has  not  been 
thrown  away  to  make  up  for  parts  tolerance  and  drift. 

This  regulator  was  designed  to  be  adjusted  to 
pass  80*  of  the  bleed  current  in  R1  through  Q1  and 
20*  through  VR1.  In  this  way,  changes  in  component 
values  because  of  temperature  drift  or  aging  may 
change  the  80*,  but  not  so  much  as  to  require  greater 
than  loo*  to  pass  through  Q1  or  to  cause  a  small 
enough  value  that  the  transistor  cannot  maintain 
complete  control  of  the  regulation.  This  was  made 
possible  by  the  small  vaxue  of  Cl  which  bleeds  about 
90  volts  from  pulse  to  pulse.  This  bled  down  voltage 
must  be  recharged  either  through  Q1  or  VR1.  Note 
that  the  peak  pfn  voltage  was  only  varying  about 
1.5  volts  (0.05*)  before  adding  the  regulator.  The 
regulator  actually  discharges  an  average  of  3  volts 
off  of  the  PFN  each  pulse  and  therefore  has  plenty  of 
range  to  fully  regulate  every  charge  cycle. 

One  other  feature  in  this  regulator  is  the  small 
change  in  reference  that  is  triggered  a  fixed  time 
before  modulator  discharge.  The  reference  is  reduced 
atout  0.1*  during  the  last  portion  of  the  regulating 


period  which  corresponds  to  regulating  the  3  kv  PFN 
voltage  down  another  3  volts.  This  helps  to 
compensate  for  PFN  droop  caused  by  leakage  and  bleed 
currents.  In  a  staggered  pulse  rate  system,  the 
regulator  will  complete  its  regulating  function 
varying  times  before  modulator  discharge  due  to  the 
variable  interpulse  periods.  After  this  time,  the 
PFN  would  continue  to  droop  and  would  droop  varying 
amounts  because  of  the  varying  amounts  of  time  left 
before  discharge.  By  performing  the  second 
regulation  step  to  a  slightly  lower  level  which  is 
lower  than  the  maximum  expected  droop,  these  errors 
are  practically  eliminated.  The  change  in  reference 
is  triggered  100  microseconds  before  modulator 
discharge.  This  is  about  2CK  of  the  total  time 
available  for  regulation  and  more  than  adequate  for 
the  final  precise  regulation. 

PERFORMANCE  parameters 

The  ARSR-3  modulator  being  regulated  had  the 
following  characteristics: 

Video  Pulsewidth  3  microseconds 

Pulse  repetition  rate  330  PPS  +30*  with  a 
staggered  variable 
interpulse  period. 

pfn  voltage  3.X  KV  maximun,  linearly 

adjustable  down  to  2  KV. 

PFN  energy  55  joules  per  pulse 

Average  power  Up  to  18.5  kw 

Modulator  pulse  135  KV  •  104  Amps,  or 

14  megawatts  out  of  the 
step-up  transformer 

The  PFN  shunt  regulator  had  the  following 
performance: 

Regulation  1.5  volts  pulse  to  pulse 

disturbance  was  reflated 
to  OO  millivolts,  or 
(+0.001*) 

Oissipated  power  90  watts  maximum  (0.  SI)  by 

a  single  transistor  on  a 
convection  cooled  heat 
sink. 

Note  that  due  to  the  unique  "floating  reference" 
on  C4,  this  regulator  can  also  regulate  at  the  reduced 
power  level  without  adjustment  when  the  PFN  voltage  Is 
turned  down. 


figure  5  shoes  the  PFN  voltage,  reference  change 
command  and  regulator  current  waveforms,  figure  6 
shows  a  train  of  about  25  pulses  with  1  volt/cm. 
sensitivity  and  the  oscilloscpe  is  offset  about  3  Kv. 
The  top  of  the  traces  shows  the  unregulated  voltage 
that  is  to  be  corrected.  The  bottom  of  the  traces 
shows  the  final  regulated  level  after  discharge, 
figure  7  shows  a  train  of  about  100  pulses  with 
0.1  volt/cm  sensitivity.  Modem  high  performance  MTI 
radars  only  compare  3  or  4  adjacent  pulses  and  so  it 
is  the  variation  from  pulse  to  pulse  that  must  be  held 
constant. 

CONCLUSION 

The  value  and  versatility  of  this  regulating 
technique  has  been  proved  by  its  use  in  several 
different  production  systems.  It  is  adaptable  to  PfN 
voltages  from  several  hundred  volts  up  to  many 
thousand  volts.  It  can  upgrade  the  performance  of  a 
modulator  in  an  existing  transmitter  to  deliver  high 
stability  performance.  MTI  Improvement  factor  limits 
of  well  over  60  dB  are  achievable.  Because  the 
regulating  element  consunes  a  small  portion  of  the 
regulator  power  and  only  needs  to  be  exposed  to  a 
portion  of  the  PfN  voltage,  this  technique  can  be 
applied  to  high  voltage  systems  as  a  total  solid  state 
design. 


Its  outstanding  features  are  its  precision 
regulation  and  high  efficiency.  Its  low  loss  allows  a 
very  small  unit  to  accomplish  very  impressive 
performance,  as  shown  above.  The  simplicity  of  this 
regulator  provides  a  low  parts  count  with  very  few 
power  components.  The  low  parts  count  and  low  power 
provide  high  reliability.  Because  the  average 
regulating  power  is  determined  by  the  bleed  resistor 
and  capacitor  (R1  and  Cl)  this  unit  cannot  be 
overloaded. 

The  precise  regulating  capability  ana  versatility 
of  this  circuitry  make  it  a  very  powerful  tool  that 
will  undoubtedly  be  used  extensively  in  the  future. 
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Inverter  and  Inductive  flyback  techniques 
for  charging  a  pulse  foraing  network  In  a 
line  type  aodulator  are  coapared  with  reson¬ 
ant  charging  techniques  In  an  analysis  which 
highlights  the  advantages  of  each  approach* 
The  bases  for  coaparlson  include  the  per 
pulse  energy  transferred  to  the  network, 
tocal  voltage  c ransf oraation  ratio.  Internal 
energy  storage  requl reae nt s ,  and  regulation 
and  control  of  network  scorage  voltage* 

Each  technique  Is  defined  and  described, 
including  perforaance  characteristics  and 
essenclal  parameters.  Resonant  charging  is 
carried  through  coaaand  charge  control  with 
de-Qlng  or  post  charge  shunt  regulation.  Both 
the  Inverter  type  approaches  and  inductive 
flyback  approaches  are  shown  to  elialnate  the 
need  for  bulky  and  heavy  high  voltage  trans¬ 
formers  operating  at  power  line  frequency. 

Int  roductlon 

The  charging  of  a  pulse  forming  network 
(PFN)  In  a  line  type  modulator  Is  a  control¬ 
led  transfer  of  energy  from  a  source  to  the 
PFN  within  an  alloted  time  Interval.  Figure 
1  Identifies  the  charging  function  In  terms 
of  Its  relationships  with  other  parts  of  a 
modulator  power  chain.  Primary  processing 
and  scorage,  with  or  without  voltage  trans¬ 
formation,  establlshea  a  DC  voltage  source 
for  Che  charging  system.  The  regulator  func¬ 
tion  adds  precision  to  PFN  voltage  control 
beyond  chat  provided  by  che  charging  system 
by  precisely  diverting  energy  either  during 
or  following  charging  system  operation. 

Three  methods  of  controlled  energy  trans¬ 
fer  In  the  charging  function  are  as  follows: 

1.  Scries  Inductive,  as  in  conventional 
resonant  charging,  either  free  running 
or  with  command  start. 


arily  within  the  charging  system  during  the 
PFN  charging  Interval.  This  will  be  called 
the  storage  factor  ( SF )  of  the  system  and  la 
defined  as  follows: 


Peak  energy  stored  within  the 
_ charging  function _ 

Tocal  energy  placed  on  the  PFN 


As  the  percent  energy  storage  factor 
increases,  then  the  charging  function  will 
tend  to  become  physically  larger  and  heavier 
or  more  complex,  or  both  for  a  given  average 
power  level  of  operation. 

The  benefits  to  be  derived  involve 
consideration  of  the  charging  system  as  a 
whole  with  respect  to  such  factors  as  Che 
following : 

1.  Regulator  requirements  on  Che  basis 
of  pulse-to-pulse  voltage  control 
achievable  by  the  charging  system. 

2.  Primary  processing  size  and  weight 
savings  weighed  In  the  context  of 
charging  system  size  and  weight  or 
complexity. 

3.  Reliability  and  maintainability  gains- 

4.  Versatility  In  modulator  performance 
which  the  charging  system  affords. 


Series  Inductive  Charging 


Series  inductive  charging  Is  conven¬ 
tional  resonant  charging  either  through  a 
charging  diode  or  a  triggered  switch  such  as 
a  thyratron  or  a  thyristor.  In  this  method, 
as  Illustrated  wlch  a  triggered  switch  In 
Figure  2,  energy  transfer  Is  affected 
through  action  of  a  series  Inductor  between 
the  source  and  PFN. 


2.  Shunt  Inductive,  as  la  Inductive 
flyback  transfer. 

3.  Inverter,  In  which  both  Inductance 
and  capacitance  art  employed  In  a 
multiple  cycle  energy  transfer 
process. 

Each  has  unique  characteristics  and  Its 
suitability  to  a  given  situation  must  be* 
evaluated  In  terms  of  costs  and  benefits* 

Cost,  In  this  Instance,  Is  In  tarns  of 
site,  weight  end  complexity.  A  useful  index 
of  cost  is  the  percentage  of  tocal  energy 
placed  on  the  PFN  which  is  stored  tenpor- 


In  the  circuit  In  Figure  2,  as  Illustra¬ 
ted  by  the  waveforms,  charge  transfer  from 
source  to  PFN  begins  with  triggering  of  the 
switch  and  continues  as  a  half-slnewave 
pulse  of  current.  The  source  Is  assumed  to 
be  a  voltage  source  of  voltage  E  and  the  PFN 
Is  assumed  Co  have  no  Initial  charge.  The 
peak  value  of  currant  Is  then  E/Vl/Cppg 
and  the  final  voltage  on  the  PFN  la  2E 
volts.  At  the  current  peak,  PFN  voltage  just 
equals  E  and  the  energy  HppN  ln  th* 
and  the  energy  In  the  Inductor,  are 
equal,  or 
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In  "charging"  Che  Inductor  from  Che  source 
an  equal  amount  of  energy  has  been  placed  on 
the  PFN.  In  "discharging"  the  Inductor  during 
che  reaalnder  of  the  charging  period,  an  add¬ 
itional  equal  quantity  of  energy  is 
cransfered  froa  che  source  to  the  PFN  with 
the  results  that  at  the  end  of  the  charging 
cycle,  the  inductor  Is  empty  and  the  PFN  Is 
charged  to  four  times  the  energy  that  It 
contained  at  the  midpoint  of  the  charging 
cycle,  or 

“cfn  ■  T  ci>fn  csfn  E  ‘  4  W?fN 


The  transfer  of  energy  has  been  accomplished 
with  an  intermediate  storage  of  only  252  of 
the  total  energy  transferred. 

In  this  method  of  charging,  close 
cycle-co-cycle  regulation  can  readily  be 
achieved  by  dumping  che  inductively  scored 
energy  at  any  else  after* PFN  voltage  exceeds 
che  source  voltage-  This  Is  the  common 
practice  of  de-Qlng  whereby  Inductor  energy 
Is  either  dissipated  or  returned  to  the 
source  at  which  time  all  transfer  of  energy 
to  the  PFN  Is  stopped.  Figure  3  Illustrates 
the  action  of  a  de-Qlng  path  Q  in  which 
Inductor  current  Is  diverted  following  the 
firing  of  switch  SW2  at  any  time  T  such  that 
wT  ■  Y  and  wT  “  »•  Voltage  placed  on  the 
network  can  be  controlled  closely  over  the 
range  of  from  E  to  2E  on  a  pu 1 se - t o -pul se 
basis.  The  diverted  current  represents  en¬ 
ergy  which  may  be  dissipated  or  more  de- 
slreably  returned  to  the  dc  source.  The 
price  paid  for  this  degree  of  control  Is  an 
increased  scored  energy  factor.  In  the 
extreme  of  maximum  de-Qlng  In  which  wT  *  \  , 
energy  stored  is  equal  to  energy  trans¬ 
ferred  and  the  energy  storage  factor 
increases  from  252  to  l 002. 

Shunt  Inductive  Charging 

Shunt  Inductor  charging  transfers  energy 
from  che  source  to  che  PFN  by  way  of  an 
Inductor  In  which  the  entire  amount  of 
energy  transferred  Is  scored  and  then 
transferred  to  the  PFN.  This  approach 
Inherently  has  an  energy  storage  factor  of 
1002.  However,  It  offers  the  Important 
advantage  of  incorporating  voltage 
multlplicetlon  through  circuit  action. 

Figure  4  Illustrates  the  basic  shunt 
Inductor  charging  approach.  Energy  is 
transferred  from  the  DC  source  to  the 
Inductor  through  a  switch  as  a  ramp  up  of 
current  determined  by  source  voltage  and 
inductor  inductance.  Energy  la  transferred 


to  the  PFN,  which  is  In  parallel  with  the 
Inductor  but  isolated  by  a  blocking  diode, 
when  the  Inductor  charging  switch  Is  opened. 
Then  the  emf  of  the  Inductor  reverses  to 
keep  current  flowing,  the  diode  conducts, 
and  the  energy  stored  in  the  Inductor  la 
transferred  to  che  PFN. 

The  energy  transferred  by  this  method  Is 
a  uniquely  controlled  parcel.  The  energy 
placed  on  the  PFN  is  given  by 

WPFN  "  7  u  T  *  \  CPFN  V>FN 

whe  re 

•r  'sw 

is  the  current  In  L  at  time  T  when  the 
switch  SW  is  opened.  The  voltage  placed  on 
the  PFN  Is  given  by 


The  ratio  of  voltage  placed  on  the  PFN  to 
the  source  voltage  Is  determined  by  the 
ratio  of  switch  closure  time  T  to  the 
resonant  frequency  of  L  and  Cpf«j. 

Figure  5  shows  a  variation  of  this 
approach  in  which  the  Inductor  voltage  Is 
clamped  to  the  source  voltage  to  relieve 
voltage  stress  on  the  switch  devices.  The 
Inductor  has  taken  on  a  secondary  winding 
related  to  the  primary  or  original  winding 
by  a  ratio  n.  The  diodes  now  clamp  the 
voltage  on  the  PFN  to  the  transformed 
primary  voltage  nE  In  the  manner  Illustrated 
In  Figure  5.  Note  that  when  operated  into 
the  diode  clamping  range,  some  Inductive 
energy  is  returned  to  the  source  so  that 
more  energy  is  stored  than  Is  placed  on  the 
PFN.  In  this  case,  the  storage  factor 
becomes  greater  chan  1002. 

Inverter  Approach 

In  the  inverter  approach,  energy  is 
transferred  to  the  PFN  In  multiple  small 
parcels  in  repeaced  operations  similar  to 
either  of  the  Inductive  transfer  approaches 
above.  Each  charging  cycle  of  che  circuit 
places  only  a  small  portion  of  the  required 
charge  on  the  PFN.  With  shunt  inductor 
operation  transfer  Is  affected  with  the  same 
storage  factor.  However,  with  series 
lnductuctive  transfer  an  auxllllary  capaci¬ 
tive  storage  element  must  be  used  and  a 
significant  amount  of  circulating  energy 
must  be  handled  by  the  inverter  relative  to 
che  energy  transferred  to  the  PFN. 
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When  multiple  CyC^e8  0f  operation  of  a 
shunt  inductor  system  are  used  to  charge  a 
PFH,  the  total  energy  placed  on  the  PFN  is 
first  stored  in  the  inductor  and  only 
portions  of  total  energy  are  handled  at  a 
tine.  Iaplied  in  thia  fora  of  operation  is  a 
lower  Inductance  inductor  than  and  would  be 
used  with  a  single  step  and  a  switching 
current  which  is  higher.  The  net  result  is 
no  gain  in  performance  but  an  increase  in 
control  difficulty  and  possibly  a  physically 
larger  Inductor.  The  energy  storage  per 
total  PFN  charging  cycle  remains  the  saae 
since  che  total  energy  placed  on  the  PFN 
must  first  be  stored  in  Che  Inductor. 

On  the  other  hand,  the  use  of  series 
inductive  transfer  in  an  Inverter 
configuration  offers  control  of  energy 
transfer  and  voltage  transformation  through 
high  frequency  transformers  much  smaller  and 
lighter  in  weight  chan  those  required  a c 
primary  power  frequencies.  Basic  to  this 
approach  is  transfer  of  energy  within  the 
Inverter  on  each  cycle  which  is  high 
relative  to  that  transferred  to  the  PFN  per 
Inverter  cycle. 

Figure  6  is  an  example  of  an  Inverter 
charging  approach  using  series  inductive 
transfer.  The  circuit  in  figure  6  is  a  half 
bridge  inverter  with  backswing  diodes  and 
triggers  timed  at  radians  into  the  back- 
swing  current.  The  waveforms  in  Figure  6 
illustrate  its  operation.  The  maximum 
voltage  to  which  the  PFN  can  be  charged  by 
this  circuit  approaches  (nE)/2  where  n  is 
the  transformer  turns  ratio  and  E  is  the  DC 
source  voltage.  This  limitation  is  Imposed 
by  limiting  the  range  of  circuit  operation 
to  that  which  will  cause  current  reversal 
through  the  SCR-diode  combination  and  force 
SCR  recovery.  The  maximum  energy  Wppjj 
which  can  be  placed  on  the  PFN  is  then 

i  .1 r 


For  che  limit  to  which  the  PFN  can  be 
charged,  the  average  inverter  half  cycle 
charge  transfer  Qinv  1* 

°1NV  '  CINV  “iVINV  '  3  scinv 

where  the  voltage  swing  on  the  Inverter 
capacitor  over  che  full  PFN  charging 
internal  ranges  from  3E  at  no  PFN  voltage  to 
2E  at  maximum  PFN  voltage.  Also 

,,V»fNCWN  "*CW‘N  8 
0|NV  N  2N 

where  N  is  the  number  of  inverter  half 
cycles  required  to  charge  the  PFN  to  the 
maximum  voltage  of  (nE)/2.  Equating  the  two, 
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Energy  transfer  per  half  cycle  in  the 
inverter  circuit  ranges  from  2.5  ClNV  E^ 
with  no  voltage  on  the  PFN  to  1.5  CjNV  E^ 
as  the  maximum  charge  is  approached  for  a 
total  average  energy  transfer  of  2  ClNV  E? 
per  step.  The  average  energy  transferred 
in  che  inverter  per  half  cycle  is  then 


In  terms  of  total  energy  transferred  by  che 
inverter  circuit 


The  conclusion  from  this  is  that  Che  total 
energy  transferred  within  the  Inverter  la 
3201  of  that  placed  on  the  PFN  while  the 
maximum  energy  stored  in  the  Inverter  la 
this  same  percentage  divided  by  the  number 
of  steps  required  to  charge  Che  network. 

Conclusion 

Table  1  summarizes  che  results  of  this 
discussion  and  characterizes  the  charging 
approaches  on  the  basis  of  ideal  operation 
right  up  to  limiting  conditions.  The  price 
paid  in  energy  storage  is  lowest  in  most 
cases  with  an  Inverter  type  charging  system. 
For  example,  with  50  step  charging  the 
maximum  energy  stored  is  6.4Z  of  the  total 
energy  placed  on  the  PFN.  At  che  same  time 
the  amount  of  energy  which  muse  be  handled 
by  the  system’s  active  devices  is  highest  in 
the  Inverter.  In  overall  terms,  the  inverter 
and  the  shunt  Inductor  approaches  offsr  the 
additional  advantage  of  not  requiring  bulky 
and  heavy  transformers  operating  at  primary 
power  frequency  to  transform  voltage. 

All  three  approaches  have  been  employed 
in  radar  transmitters  of  approximately  the 
same  power  levels.  Figure  7  shows  a 
system  employing  command  charging  of  the 
FFN’s;  Figure  8  has  the  same  average  power 
but  uses  the  shunt  inductive  method  of  PFN 
charging  and  is  a  cabinet  assembly  of 
one-half  the  size.  Figure  9  is  a  photograph 
of  ths  modulator  cabinet,  including  all 
power  processing,  for  a  tactical  radar  systea 
of  SOZ  greater  average  power  using  an 
inverter  system.  The  impact  on  size  (and 
weight  by  Implication)  is  obvious.  The  use 
of  the  shunt  diods  approach  end  inverter 
approach  reaulted  in  a  raductlon  in  volume 
by  one-third. 


Table  1  Comparison  of  Three  Basic  Charging  Approaches 


Charging  Function 


Primary 

Processing 

Storage 

Storage 

Factor 

Transfer 

Factor 

Series  Inductive 

Line  Freq. 
Transformer 
and  Rectifier 

HV 

Capacitor 

25% 

100% 

Shunt  Inductive 

Rectifier 

Only 

Electrolytic 

Capacitors 

100% 

100% 

Inverter 

Rectifier 

Only 

Electrolytic 

Capacitors 

320/N% 

320% 

82-162S-BA-10 


82-1625-BA-2 


Figure  l  Basic  Changing  Model 
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Figure  3  Series  Inductance  Charging  with  de-Qlng 
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Figure  4  Parellel  Inductance  Charging 


I2-1C2S-V4 


Figure  5  Parallel  Inductance  Charging  With  Switch  Voltage  Clanped 


Pigura  6  tnvencer  Charging  with  Half-Bridge  Circuit 
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DEVELOPMENT  AND  EVALUATION  OF  SYSTEMS  FOR  CONTROLLING 
PARALLEL  HIGH  di/dt  THYRATRONS 

Alien  Litton  and  Glen  McDuff 
University  of  California,  Los  Alaaos  National  Laboratory 
P.  0.  Box  1663,  Los  Alamos,  New  Mexico  87545 


Abstract 

Increasing  numbers  of  high  power,  high  repeti¬ 
tion  rate  applications  dictate  the  use  of  thyratrons 
in  multiple  or  "hard  parallel"  configurations  to 
achieve  the  required  race  of  current  rise,  di/dt. 
This  in  turn  demands  the  development  of  systems  to 
control  parallel  thyratron  commutation  with  nano¬ 
second  accuracy.  Such  systems  must  be  capable  of 
real-time,  fully-autoauted  control  in  multi-kilohertz 
applications  while  still  remaining  cost  effective. 
This  paper  describes  the  evolution  of  such  a  control 
methodology  and  system. 

Three  techniques  to  control  thyratron  commuta¬ 
tion  have  been  examined  and  tested  resulting  in  the 
development  of  a  computer-controlled  system.  By 
proper  correlation  of  trigger  tins  and  amplitude, 
three  thyratrons  have  been  operated  in  hard  parallel 
with  a  common  10  (1  PFN  and  load  up  to  1500  pps .  The 
discharge  circuit  and  controls  have  operated  over  108 
shots  without  faults.  Load  current  jitter  has  been 
maintained  to  ±2  ns  at  the  25  kV  10  0  operating  point 
with  little  or  no  change  in  current  sharing  with 
changes  in  repetition  rate.  This  characteristic 
lends  itself  to  applications  requiring  forms  of  pulse 
modulation.  The  proposed  control  circuitry  uses  cur¬ 
rently  available  off-the-shelf  analog  and  digital 
components  to  keep  system  costs  low. 

Summary 

As  reported  a  year  ago,1  two  low- inductance 
HY-3103  thyratrons  were  operated  in  "hard  parallel" 
in  a  25  (1  modulator  circuit  at  repetition  rates  to 
250  pps.  This  was  accomplished  by  adjusting  the 
negative  grid  bias  (thus  the  anode  delay  time)  to 
force  the  thyratrons  to  commutate  at  the  same  cine. 
This  method  allowed  the  use  of  a  single  source  to 
trigger  both  tubes,  thus  reducing  jitter.  A  common 
driver  may  also  reduce  the  cost,  particularly  in  a 
multiple-tube  circuit. 

Adjusting  the  negative-grid  bias  affects  more 
than  just  the  anode  delay  time,  as  recovery,  anode 
falltime,  and  field  grading  within  the  tube  also 
change.  Controlling  commutation  in  this  manner 
proved  possible  but  at  high  repetition  rates  these 
characteristics  made  operation  very  unstable  and 
adjustments  critical.  A  bias  update  rate  of  several 
times  a  second  was  found  necessary  to  maintain  con¬ 
trol,  requiring  very  high-speed  analog  and  digital 
circuitry.  It  was  decided  to  investigate  the  char¬ 
acteristics  of  each  tube  separately  to  see  if  any 
paraawter  could  be  identified  as  causing  the  insta¬ 
bility  before  trying  other  control  methods. 

Tube  Characterization 

The  first  measurement  made  was  dynamic  breakdown 
voltage  vs  reservoir  voltage  (tube  pressure)  and  the 
graphical  results  are  shown  in  Fig.  1.  Both  thyra¬ 
trons  were  new  and  operated  in  the  same  resonant 
charged  modulator  circuit  when  taking  these  data. 
At  first  glance,  it  appears  that  the  tube  pressures 
are  different.  Conversations  with  EG&G  engineers 
revealed  that  hydrogen  fill  pressures  have  better 


RESERVOIR  VOLTAGE  [TUBE  PRESSURE  (volts)] 


Fig.  1.  Dynamic  breakdown  voltage  vs  reservoir 
voltage. 

than  1%  accuracy;  however,  the  grid-anode  spacing 
may  vary  up  to  ±201-  Thus  it  is  the  "d"  term  of  the 
Pd  product  causing  the  difference  in  breakdown  volt¬ 
ages.  The  small  difference  between  grid-anode 
spacing  which  may  be  acceptable  in  a  single  tube 
circuit  has  a  drastic  effect  when  thyratrons  sre 
operated  in  parallel.  Further  aieasurements  were 
made  to  observe  the  differences  in  anode  or  commuta¬ 
tion  delay  vs  reservoir  voltage  between  the  tubes. 
As  expected,  the  tubes  were  quite  different  in  this 
respect,  but  the  delay  was  linked  loosely  to  the 
tube's  dynamic  breakdown. 

The  reservoir  voltages  for  the  two  thyrstons 
were  adjusted  to  closely  match  the  commutation  delays 
and  the  thyratrons  were  reconnected  in  parallel. 
This  modification  improved  the  circuit  stability  con¬ 
siderably,  allowing  operation  of  the  modulator  at  up 
to  1000  pps  at  rated  thyratron  voltage.  The  require¬ 
ment  for  frequent  bias  adjustswnts  was  found  to  be 
relaxed  somewhat,  reducing  the  need  for  high  speed 
controls . 

Even  though  the  instabilities  were  reduced,  the 
negative  bias  adjustment  was  still  very  critical, 
requiring  an  absolute  accuracy  of  better  than  1250  mV. 
Further  experiments  with  reservoir  pressure,  trigger 
amplitude,  and  bias  control  led  to  the  conclusion 
that  direct  adjustments  to  the  thyratron  were  too 
sensitive  and  affected  too  many  of  the  tube  charac¬ 
teristics  to  be  of  practical  use. 

Trigger  Delay  Control 

The  next  method  of  commutation  control  investi¬ 
gated  provided  separate  triggers  with  adjustable  de¬ 
lays  to  each  of  the  thyratrons.  The  dynamic  break¬ 
down  voltages  of  two  nev  HY-3013S  was  determined  and 
the  tubes  were  installed  in  the  parallel  tube  dis¬ 
charge  circuit.  Circuit  parameters  such  as  drive 
voltage,  drive  impedance,  biss,  etc.  were  identical. 
The  anode  delays  were  measured  at  test  conditions  for 
each  thyratron  and  the  trigger  delays  were  set  so 
that  the  thyratrons  would  coeantate  at  the  same  tine. 
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The  thyratrons  were  brought  up  to  rated  voltage 
(23  kV  resonant  charge)  and  the  tube  currents  were 
250  amps  peak  each.  Anode  voltage  was  varied  from 
16  kV  to  30  kV  and  the  repetition  rate  from  100  pps 
to  1500  pps  with  less  than  15%  change  in  shared  cur¬ 
rent  amplitude.  This  method  proved  to  be  the  most 
reliable  and  agile  way  of  controlling  parallel  thy- 
ratron  commutation.  For  a  fixed  anode  voltage,  the 
trigger  delays  would  need  adjusting  a  maximum  of  once 
an  hour  regardless  of  repetition  rate.  Continuous 
runs  of  6  to  8  hours  were  conmon  at  rated  thyratron 
voltage  and  1000  pps. 

All  tests  up  to  this  point  were  done  at  a  low 
peak  current  and  thus  low  di/dt.  Since  good  success 
was  achieved  with  the  individual  trigger  delay 
scheme,  the  next  phase  was  co  expand  to  three  thyra¬ 
trons  and  lower  the  discharge  circuit  isipedance  from 
25  0  to  10  (1.  A  photo  of  the  three-tube  discharge 
circuit  is  shown  in  Fig.  2.  Care  was  taken  to  re¬ 
duce  the  discharge  loop  inductance  and  still  limit 
the  tube  di/dt  to  IQ11  amps/sec.  It  had  been  found 
previously  that  when  the  di/dt  in  the  HY-3013  was  in 
excess  of  1011  amps/sec  at  1000  pps,  anode  heating 
would  cause  the  gas  density  (thus  ion  generation 
rate)  to  becoaie  sufficiently  low  to  cause  arcing  in 
the  grid-anode  gap.2 

A  block  diagram  of  che  three -thyratron  test  cir¬ 
cuit  is  seen  in  Fig.  3.  Performance  of  the  three- 
tube  circuit  was  equal  to  or  better  than  the  two-tube 
circuit.  Lowering  the  impedance  from  25  0  to  10  0 
did  not  affect  the  behavior  of  the  thyratrons  or  the 
current-sharing  stability.  However,  10  Cl  is  stiil  an 
order  of  magnitude  higher  than  the  impedance  level 
ultimately  needed.  An  oscillogram  of  the  three  tube 
currents  and  the  load  current  is  seen  in  Fig.  4.  It 
should  be  noted  that  the  load  di/dt  appears  to  be 
greater  than  the  sum  of  the  thyratron  di/dts.  Be¬ 
cause  the  effort  of  this  program  was  co  perfect  a 
stand-alone  system  to  operate  thyratrons  in  hard 
parallel,  the  effect  of  di/dt  enhancement  was  not 
investigated  at  this  time.  Current  pulse  parameters 
for  both  the  two  and  three  tube  modulators  are  shown 
in  Fig.  5. 

Control  Methodology 

All  development  activities  used  Tektronix  wave¬ 
form  digitizers  to  provide  the  nanosecond  time  reso¬ 
lution  needed  to  control  thyratron  commutation.  The 
thyratrons  would  current  share  if  the  commutation  of 


Fig.  3.  A  block  diagram  of  the  three-thyratron  test 
circuit. 


Fig.  4.  Oscillogram  of  three  tube  current  pulses. 

Top  three  traces  -  tube  currents  200  A/div. 
Bottom  trace  -  lead  current  500  A/div. 
Horiz  -  100  ns/div. 


Fig.  2.  Three  parallel  thyratron  test  circuit. 


TWO  PARALLEL  HY-3013  •„  •  25  kV  prr  *  1000  pps  Z 
di/dt  CURRENT  RISETIME 
TUBES  Z.1  s  10*  A/t  30  nt 

LOAO  5.2  a  10*  A/t  30  m 


2SS1 

PEAK  CURRENT 
500  A 
1000  A 


THREE  PARALLEL  HY-3013  a*,  *  2*  kV  prv  •  1000  M»  Z  *  10  11 

di/dt  CURRENT  RISETIME  PEAK  CURRENT 
TUSH  1.0 «  10“  A/i  a  ns  400  A 

LOAO  5.5  >  10’*  A/t  » nt  1300  A 


Fig.  5.  Current  pulse  parameters  for  both  the  two- 
and  three-tube  modulators. 
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all  Cubes  was  within  a  2-4  ns  window.  Conventional 
counter-type  measurement  techniques  can  at  best  give 
20-ns  resolution,  which  is  far  from  the  nanosecond 
resolution  needed.  Sophisticated  analog  frequency 
shift  techniques  can  give  the  real  time  resolution 
required,  but  are  extremely  involved  and  expensive. 
Using  waveform  digitizers  with  computer  control  is  a 
viable  solution  but  also  expensive. 

A  block  diagram  of  the  system  devised  to  control 
thyratron  commutation  is  shown  in  Fig.  6.  This  con¬ 
trol  technique  is  based  on  charge  transfer  rather 
than  real-claw  current  measurements.  The  common 
energy  store  (PFIO  is  charged  to  voltage  V  and  cor¬ 
responding  charge  Q.  With  three  thyratrons,  each 
should  pass  Q/3  in  the  same  amount  of  time  if  equal 
sharing  is  achieved.  The  output  of  the  thyratron 
CVR  is  integrated  (to  give  Q),  amplified  and  fed  to 
a  sample-hold.  The  sample-hold  is  triggered  at  a 
predetermined  time  during  the  current  pulse  and  the 
value  of  Q  is  stored.  A  low  speed  A/D  converter 
translates  the  value  of  Q  to  an  8-bit  digital  word. 
The  microprocessor  averages  all  the  values  of  Q  and 
subtracts  each  Q  from  the  average.  If  the  differ¬ 
ence  between  the  average  and  the  measured  Q  is  within 
predetermined  range,  the  microprocessor  does  nothing. 
If  the  difference  is  out  of  tolerance  in  the  negative 
direction,  that  particular  thyratron  is  commutating 
too  early  and  the  microprocessor  adjusts  the  program¬ 
mable  delay  accordingly.  Likewise,  if  the  difference 
is  out  of  toLerance  in  the  positive  direction,  the 
tube  was  fired  too  late.  Experiments  show  that  delay 
adjustments  in  two  nanosecond  steps  is  adequate  to 
force  current  sharing.  Hybrid  programmable  delay 
minicircuits  are  available  that  can  increment  in  1  ns 
steps  from  1  ns  to  255  ns  and  in  2  ns  steps  from  1  ns 
to  530  ns.  These  programmable  delays  interface  di¬ 
rectly  with  the  8-bit  output  of  many  microprocessors. 
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Fig.  6.  Control  system  block  diagram. 


All  development  of  the  control  circuitry  has 
utilized  the  waveform  digitizer  for  performing  the 
integration,  sample  bold,  and  A/D  functions  and  a 
PDF- 11  has  performed  the  microprocessor  and  program¬ 
mable  delay  functions.  The  discrete  integrator, 
sample-hold,  and  A/D  portion  of  the  control  system 
has  been  built  and  tested  but  a  complete  system  has 
not  been  completed. 

Future  Areas  of  Development 

The  successful  operation  of  three  hard  parallel 
thyratrons  makes  the  probability  of  using  four  or 
more  tubes  very  good.  Having  reduced  the  impedance 
of  the  discharge  circuit  from  25  Cl  (2  tubes)  to  10  (1 
(3  tubes)  with  no  degradation  in  performance  sug¬ 
gests  development  should  be  continued.  Multiple 
uninterrupted  5-hour  runs  have  proven  the  principle 
and  stability  of  the  system.  Several  characteristics 
of  this  system  favor  its  use  in  applications  where 
repetition  rate  and/or  power  agility  are  required  as 
in  high-energy  laser  systems  or  pulse-modulated  power 
systems . 

The  next  proposed  step  is  to  complete  develop¬ 
ment  of  an  integrated  stand-alone  control  system  for 
up  to  five  parallel  tubes.  One  suggested  application 
involves  construction  of  a  fully-instrumented  five- 
parallel  thyratron-switched  pulsed  charged  line  in 
scripline  geometry,  possibly  with  an  excimer  laser 
load.  Testing  the  system  in  an  actual  laser  environ¬ 
ment  is  most  important  to  the  development  of  a  reli¬ 
able  control  system. 

Conclusion 

Several  methods  for  the  control  of  hard-parallel 
thyratrons  have  been  investigated  and  discussed.  The 
most  promising  method  of  control  developed  so  far 
seems  to  be  accurate  control  of  individual  thyratron 
trigger  timing.  A  method  of  using  conventional  ana¬ 
log  and  digital  technology  to  implement  a  computer- 
controlled  system  is  shown  with  hopes  that  a  complete 
system  can  be  demonstrated  in  the  near  future. 
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Summary 

The  transmission  line  shown  In  Fig.  1,  consisting 
of  a  series  of  sections  with  equal  transit  times  and 
having  Impedances  In  the  ratios  shown,  has  a  unique 
and  surprising  property.  Consider  that  It  Is  charged 
to  a  dc  voltage  V,  and  that  a  switch  is  then  closed  at 
the  low  impedance  end.  A  voltage-cancellation  pulse 
travels  along  the  line,  and  its  amplitude  increases  as 
it  passes  through  the  successive  mismatches.  Thus,  it 
produces  a  voltage  reversal  that  increases  In  the 
successive  sections.  At  the  eventual  open  circuit, 
voltage  doubling  occurs,  further  increasing  the 
voltage  reversal  and  changing  the  Initial  voltage  V  to 
an  open  circuit  value  -  NV,  where  N  Is  the  number  of 
sections,  which  Is  arbitrary.  If  at  the  time  this 
voltage  is  created  a  matching  load  is  connected  to  the 
line,  for  example  by  closing  the  switch  S',  all  of  the 
energy  that  was  stored  anywhere  In  the  line  Is 
Immediately  delivered  to  the  load  In  a  single 
rectangular  pulse  whose  duration  is  only  the  double 
transit  time  of  one  section.  This  Is  true  no  matter 
how  long  the  line.  The  pulse  that  travelled  along  the 
line  accumulated  all  of  the  stored  energy  as  it  went, 
and  delivered  it  promptly  to  the  load.  There  are  no 
reflections  carrying  energy  back  towards  the  switch  S 
from  the  mismatches  at  the  line  junctions. 

Voltage  gain  has  been  obtained  as  In  the  more 
familiar  tapered-llne  transformer,  but  with  one 
hundred  percent  efficiency. 

In  the  following  parts  of  this  paper  the 
properties  of  the  transmission  line,  here  named  the 
cumulative  wave  line  (CWL),  are  proved;  the 
non-reflecting  properties  of  the  junctions  are 
discussed;  the  Incorporation  of  the  CWL  In  circuits 
known  as  Darlington  networks  Is  described;  it  Is 
explained  how  any  CWL  can  be  the  basis  of  an  air-cored 
accelerator  stace;  and  some  variations  on  these 
circuits  are  pointed  out. 
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To  calculate  how  the  voltage  cancellation  pulse 
launched  by  the  switch  Increases  In  amplitude  as  It 
travels  alonq  the  line,  we  note  that  the  Impedances  Zn 
and  I,  ,u‘  the  nth  and  (n  +  l)th  line  sections  are 
n(n  +  1 ) Zx?2  and  (n  +  l)(n  +  2)Zi/2.  From  the  usual 
transmission  line  results  It  can  readily  be  shown  that 
between  these  sections  the  voltage  cancellation  pulse 
increases  by  a  factor  (n  +  2)(n  +  1).  Therefore  the 
voltage  pulse  entering  the  last  or  Nth  section  Is 

-V  x  3  x  4  x  5  .  .  .  x  N  x  N  +  1 

ITT  BTT  ~T~ 

*  -(N  +  11V/2 

This  voltage  doubles  at  the  open  circuit;  after 
the  initial  charge  voltage  is  subtracted,  the  voltage 
produced  is  seen  to  be  -NV.  After  the  switch  S’  is 
closed,  the  voltage  Into  the  matched  load  Is  -NV/2. 
This  remains  constant  for  a  time  2t,  where  t  Is  the 
single  transit  time  of  each  section,  since  no 
reflections  can  reach  the  load  In  this  time.  The 
energy  delivered  is 

(NV/2) ^  x  2t/ZN 

*  NVzt/(N  +  l)Zj  (1) 

The  capacitance  of  the  nth  section  Is 

Cn  *  t/Zn  *  2t/n(n  +  I )ZX 
and  Its  stored  energy  is 

1/2C„VZ  *  V2t/n(n  ♦  llZj 
The  total  stored  energy  is  therefore 

V2 txg-  1  *  V2twj-ri  - 

rpZ-nprvTr  tttO 

*  V2t  ri  -  1/2  +  1/2  -  1/3  . 

ZT_L 

*  V2t  rl  -  1  ~1 

Ifu  1TVT-> 

*  NV2t/(N  ♦  1 ) Z i 


"J-t! 


1  *1 
n'+TJ 


Figure  1.  The  cumulative  wave  line. 

Proof  Of  J[he  Properties  Of  The  CWL 

The  cumulative  wave  line  (CWL)  consists  of  N 
connected  sections  of  transmission  line  with  equal 
transit  times.  Fig.  1.  The  long  line  so  formed  Is 
charged  to  a  voltage  V,  then  shorted  at  one  end  by  an 
ideal  switch.  The  impedances  of  the  line  sections,  as 
ratios  to  the  impedance  Zj  of  the  first  or  switched 
section,  are  the  successive  sums  of  the  natural 
integers;  1,  1  ♦  2  *  3,  1  ♦  2  ♦  3  *  6,  and  so  on.  The 
final  or  Nth  section  therefore  has  an  Impedance  N(N  + 
UZj/Z. 


*  Work  supported  by  Sandla  National  Laboratories , 
Albuquerque. 


This  Is  equal  to  the  delivered  energy  calculated 
in  equation  (l),  so  that  the  CWL  Is  one  hundred 
percent  efficient. 

The  question  arises  why  energy  Is  not  reflected 
back  from  the  mismatches  towards  the  switch  S  and 
►hereby  lost  from  the  Initial  pulse.  The  answer  Is 
that  when  a  pulse  Is  Incident  on  the  junction  between 
two  transmission  lines,  an  impedance  match  Is  the 
condition  that  maximum  power  be  transmitted  only  when 
the  lines  are  initially  uncharged;  otherwise,  a 
particular  ml  snatch  Is  required.  Figure  2  Illustrates 
the  general"  ca'se.  A  voltage  transient  V  travels  In  a 
line  of  Impedance  Z  towards  a  junction  with  a  line  of 
impedance  mZ,  both  lines  being  Initially  charged  to  a 
voltage  -fV.  The  power  delivered  to  the  second  line 
is  easily  calculated  to  be 
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This  has  Its  maximum  when 
m  «  2  +  f 

rrr 


which  makes 

P  •  (1  -  f/2)2  V2/Z 

CHARGE  VOLTAGE 


V  Z  m2 


(2) 


Figure  2.  General  case  of  voltage  pulse  incident  on  junction  in  n 
charged  line. 


The  open  circuit  voltage  gain  Is  (N  +  1). 
Note  that  the  CWL  “sees"  an  Impedance 
Z*  +  R  »  (N  +  1HN  ♦  2)Z^/2 


which  would  be  the  Impedance  of  the  next  CWL  section 
If  one  were  present;  thus  the  CWL  sees  just  the 
mismatch  that  It  needs  fn  order  to  be  efficient. 

With  N  *  1  the  circuit  Is  that  known  as  the 
Blumleln,  Figure  4a.  The  circuits  for  N  *  2  and  N  *  3 
are  Illustrated  in  Figures  4b  and  4c;  they  have 
matched  gains  of  3/2  and  2. 


2Z 


a.  N  -  1  iB'umlein) 


This  Is  the  same  as  the  power  the  first  line 
could  deliver  If  It  was  terminated  in  an  open  circuit 
and  then  connected  to  a  matching  load  when  the  pulse 
arrived,  l.e.,  It  Is  all  the  power  available. 

If  the  two  lines  are  uncharged,  then  f  *  0,  and 
the  optimum  value  of  m  from  equation  (2)  is  unity  - 
the  lines  should  be  matched  In  this  familiar  case.  In 
the  first  line  section  of  the  CWL  there  is  a  charge 
voltage  equal  to  the  pulse  voltage,  that  Is 
f  «  1;  equation  2  now  shows  that  m  *  3  Is  needed  for 
the  first  mismatch.  In  subsequent  sections  of  the  CWL 
the  pulse  amplitude  gets  progressively  larger  than  the 
charge  voltage,  reducing  f  and  consequently  reducing 
the  mismatch  ratio  needed  in  accordance  with  equation 
2. 
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Figure  4.  First  three  Darlington  networks. 


Darlington  Networks 


Induction  Accelerator  Circuits 


The  circuit  for  these  Is  shown  in  Figure  3.  It 
employs  a  CWL  whose  final  (Nth)  section  shares  Its 
charged  conductor  with  another  transmission  line 
section  of  the  same  transit  tine  as  those  composing 
the  CWL.  A  resistive  load  R  joins  the  ground 
conductors  at  the  output  ends  of  the  two  lines. 


Figure  3.  The  Darlington  network. 


Several  air-core  linear  Induction  accelerator 
circuits  have  been  identified  which  can  accelerate  an 
electron  beam  with  one  hundred  percent  efficiency*1 >. 
Figure  5  shows  two  of  these,  in  forms  known  as  radial 
pulst  lines  (coaxial  versions  are  possible,  too). 
They  each  consist  of  an  Initially  charged  conductor  In 
a  grounded  cavity  that  it  divides  Into  two  radial 
transmission  lines  In  which  energy  Is  stored.  When 
the  switch  is  closed  the  charge  voltage  appears  across 
the  accelerating  gap,  but  no  beam  is  present,  when 
the  pulse  from  the  switch  has  travelled  through  both 
lines  it  reverses  the  sign  of  the  voltage  at  the 
accelerating  gap  for  a  period  durlnq  which  the  beam  Is 
passed  through  the  gap  and  acce'»rated.  If  the  beam 
current  matches  the  Ifne  that  feeds  the  gap,  all  the 
stored  energy  Is  extracted. 


The  single  line  section  removes  the  need  for  the 
second  switch  S’  In  Figure  1.  The  resistive  load  sees 
no  voltage  until  the  pulse  generated  by  the  CWL 
arrives.  This  pulse  reverses  the  sign  of  the  voltage 
In  the  CWL  so  that  the  CWL  and  the  single  line  begin 
to  discharge  Into  the  load.  The  impedance  V  of  the 
single  line  section  Is  chosen  so  that  Its  matched 
current  V/2Z ‘ 1 s  the  same  as  that  of  the  CWL,  f.e., 

V/2Z*  ■  NV/N(N  ♦  DZi 


The  circuit  In  Figure  5a  Is  due  to  Pavlovskll *2) , 
and  forms  the  basis  of  his  accelerator  LIU  10*2*. 
That  of  Figure  5b  Is  due  to  Eccleshall  and 
Temperley *4' .  Both  circuits  can  be  considered  to  be 
formed  from  a  CWL,  with  one  section  In  the  case  of 
Figure  5a  and  two  sections  In  the  case  of  Figure  5b. 
The  CWLs  are  In  effect  folded  about  their  midpoints, 
and  the  opposite  ends  of  one  conductor  are  connected 
together,  to  give  the  sections  through  the  radial  line 
cavities  as  shown  In  Figure  5 


or  Z'  •  (N  ♦  1)Z72 


The  load  resistance  matches  the  sum  of  Zj  and  the 
CWL  output  impedance,  l.e., 

R  ■  (N  ♦  1)2/2Zj 


It  Is  now  seen  that  CWLs  with  more  than  two 
sections  give  a  infinite  series  of  possible  designs 
for  inductive  accelerator  cavities,  all  of  which  are  / 
new.  The  next  two  designs  In  the  series  are  shown 
schematically  In  Figure  6.  The  voltage  gain  Increases 
through  the  series;  a  CWL  of  N  sections  gives  a 
matched  gain  N/2. 
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Figur*  5.  Induction  accelerator  circuits. 


In  all  such  circuits  the  grounded  cavity  walls 
form  a  finite  Inductance  connected  across  the 
accelerating  gap.  Therefore,  if  all  the  stored  energy 
Is  to  be  extracted  by  the  beam  the  voltage  waveform  at 
the  end  of  the  accelerating  pulse  must  have  a  zero 
time-integral'®';  otherwise,  magnetic  flux  would 
remain  In  the  cavity,  and  this  would  represent  unused 
energy.  Hence  the  waveform  at  the  accelerating  gap  Is 
necessarily  bipolar,  with  a  reverse  voltage 
"precursor"  before  the  accelerating  pulse.  The 
waveforms  are  Illustrated  in  Figures  5  and  6. 

In  the  Pavlovskll  design  the  precursor  voltage  Is 
twice  the  matched  accelerator  voltage,  and  In  the 
Eccleshall  design  the  two  voltages  are  equal.  In  both 
cases  the  precursor  can  cause  difficulty  for  the 
Insulatfon  In  the  accelerating  gap  and  the  nearby 
vacuum  Interface.  Since  the  precursor  voltage  Is 
always  the  charge  voltage,  the  ratio  of  precursor 
voltage  to  accelerating  voltage  becomes  progressively 
smaller  as  the  number  of  sections  In  the  CHI  or  cavity 
Is  increased,  reducing  the  Insulation  problems.  The 
precursor  voltage  Is  2 /N  times  the  matched  voltage. 
The  zero  time-integral  of  voltage  Is  maintained 
because  with  more  sections  the  precursor  has  a  longer 
duration  -  the  time  needed  for  the  switch  pulse  to 
traverse  the  CHI  Is  clearly  H/Z  times  the  output  pulse 
duration. 

A  second  series  of  new  Induction  cavity  designs 
can  be  formed  from  Chit  of  »»  3  or  7  or  11  ... 
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Figure  6.  Induction  accelerator  circuits  based  on  CWLs  with 
N-3.  N=4. 


sections  and  a  single  line  section  placed  between  the 
switch  and  the  accelerating  gap.  (Separation  of  the 
switch  and  gap  may  be  desirable  In  a  practical 
accelerator.)  The  first  one  In  the  series  Is  shown  In 
Figure  7.  The  matched  gain  Is  (N  ♦  \)/Z,  and  the 
precursor  voltage  is  twice  the  charge  voltage.  Except 
In  the  first  design  of  the  series,  the  precursor  Is 
not  steady  but  turns  on  and  off  periodically  before 
the  acceleration  pulse. 
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Figure  7.  Induction  cavity  formed  from  CWL  and  on*  additional 
line  (first  of  series). 
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Variations 


Lumped  Element  Circuits 


Figure  8  shows  a  crude  lumped  element  version  of 
the  Darlington  network  with  an  N  ■  4  CWL.  Each  line 
section  has  been  replaced  by  a  single  capacitor  and 
Inductor.  This  circuit  bears  the  same  relation  to  the 
ringing  Marx  or  1C  -  Inversion  stage  as  the  Darlington 
networks  do  to  the  Blumleln. 


HV 


Figure  8.  Simplified  Darlington  network 


It  Is  not  likely  that  the  circuit  can  be  100? 
efficient.  In  a  brief  empirical  study,  each  capacitor 
was  given  a  value  Inversely  proportional  to  the 
corresponding  line  section  Impedance,  and  two  out  of 
the  four  Inductors  were  varied  to  maximise  the  gain. 
The  highest  gain  obtained  was  4.7,  compared  with  an 
Ideal  value  of  5.0.  About  88?  of  the  Initial  stored 
energy  was  available  in  the  series  combination  of  C4 
and  C'.  Larger  gains  and  efficiency  may  be  possible 
by  further  optimisation. 

Non-Ideal  Circuits 

Higher  voltage  gains  can  be  obtained  from  the 
transmission  line  circuits  by  departing  from  the 
Impedances  that  give  perfect  efficiency  when  matched. 
For  small  Impedance  changes  the  loss  of  efficiency  Is 
small.  This  flexibility  is  greater  the  larger  the 
number  of  sections  N. 

Figure  9  Illustrates  this  for  the  Darlington 
network  with  N  »  3  (matched  gain  2).  The  graph  shows 
the  highest  gain  obtainable  by  adjusting  the 
transmission  line  Impedances  (strictly  their  ratios  to 
the  load  Impedance)  as  a  function  of  how  far  the 


Figure  9.  Gain  of  Darlington  networks  as  a  function 
of  efficiency. 

efficiency  Is  allowed  to  decrease.  Also  shown  is  a 
similar  curve  for  the  standard  Blumleln  (N  »  1)  where 
the  gain  can  only  be  Increased  by  mismatching. 
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FAST,  HIGH-POWERED  TRIODE  PULSE  AMPLIFIERS 


Stephen  J.  Devis 
Pico  Second  Enterprises,  Inc. 
704  Whitney  Street 
San  Leandro,  CA  94577 


Abstract 

A  line  of  commercially  available, 
linear  Planar  Triode  Pulse  Amplifiers  will 
be  described.  These  amplifiers  feature 
output  peak  powers  to  2  MW,  repetition 
rates  in  excess  of  100  kHZ ,  and  1  nano¬ 
second  rise  and  fall  times  for  a  variable 
duration  pulse  with  a  characteristic 
temporal  stability  on  che  order  of  10 
picoseconds . 

The  performance  of  che  pulse  amplifier 
as  an  elec t ro-op t ic  crystal  driver  will  be 
discussed  with  an  emphasis  given  to  its 
extended  capabilities  for  optical  pulse 
selection,  ASE  isolation,  cavity  dumping, 
pulse  carving  and  travelling  wave  modula¬ 
tion  . 

In  addition,  applications  of  che  pulsd 
amplifier  in  the  fields  of  IFF  radar  detect¬ 
ion  and  underground  geological  resource 
exploration  will  be  presented. 

Int  roduc  t ion 

For  the  past  two  years,  we  at  PSE  have 
developed  a  product  line  of  high  peak  power, 
fast  rise  and  fall  time  pulse  amplifiers 
based  upon  vacuum  planar  crlodes.  These 
amplifiers  are  characterized  by  nanosecond 
response  times  at  100:1  bandwldths  and  peak 
power  levels  exceeding  0.5  megawatts.  The 
amplifiers  are  capable  of  'average  power 
levels  greater  than  several  kilowatts  at 
burst  mode  frequencies  exceeding  tens  of 
megahertz.  Amplifier  lifetime  is  primarily 
a  function  of  cathode  heater  lifetime,  not 
shot  number. 

Amplifier  Description 

These  broadband  amplifiers  have  an 
input  to  output  gain  greater  chan  70  db, 
and  will  produce  0.5  MW  peak  power  pulses 
with  nanosecond  rise  and  fall  times  and 
less  than  2Z  droop  for  250  NS  duration 
pulses.  Amplifier  average  output  power 
is  limited  to  75  watts  by  its  plate  supply. 

As  .  nown  in  Fig.  1,  the  amplifier 
consists  of  seven  stages  of  gain,  of  which 
the  first  four  are  solid  state  while  the 
latter  three  utilize  planar  crlodes. 

The  first  stage  consists  of  a  pair  of 
2  GHZ  bipolar  linear  power  transistors 
which  provides  8  W  of  peak  drive  power  to 
stage  two  for  80  mil'liwatts  of  input  power. 
After  an  impedance  transformation  of  4:1, 
this  8  W  signal  drives  a  single  medium- 
sized  FET  in  staga  2  to  develop  32  watts, 
peak.  The  output  of  staga  two  also  passes 
through  a  4:1  Impedance  transformer  and 


and  then  drives  two  parallel  FETs  in 
stage  3.  After  an  impedance  transfor¬ 
mation  of  16:1  the  128  W  peak  power  RF 
pulse  from  stage  3  13  coupled  into  a 
repackaged  power  switching  FET,  stage  4. 

The  drain  of  the  stage  4  FET  is  directly 
connected  Co  che  cathode  of  stage  5's 
planar  crloda.  Stage  5's  15  KW  peak 
power  output  is  Impedance  transformed 
(9:1)  to  drive  stage  6.  As  in  stage  5, 
stage  six  contains  a  single  planar  triode. 
The  57  KW  output  from  stage  6  is  impedance 
transformed  (36:1)  and  is  coupled  into  the 
cathodes  of  three  parallel  planar  triodes. 
With  10  KV  on  che  places  of  the  three 
parallel  final  stage  tubes,  the  amplifier 
will  deliver  5  KV  into  50  Ohms,  or  0.5 
MW  peak  power. 

These  pulse  amplifiers  use  1  NS  incre¬ 
ment  ECL  delay  generators  for  pulse  width 
control  to  permit  the  amplifier  to  function 
as  a  pulse  generator,  producing  a  variable 
duration  pulse  from  an  impuc  trigger. 

Short  term  jitter  and  long  term  drift 
are  minimized  due  to  the  very  short  transit 
times  of  the  active  gain  elements  in  the 
amplifier.  Throughput  Jitter  is  less  than 
30  picoseconds. 

Since  amplifier  lifetime  is  primarily 
a  function  of  the  tube  heater  lifetime,  the 
heater  voltage  is  regulated  at  6.0  VDC  in¬ 
stead  of  6.3  VDC.  When  failure  of  a  tri¬ 
ode  tube  occurs  after  more  than  5,000  hours 
of  operation,  a  new  tube  replaces  the  old 
tube  without  circuit  adjustment.  In  add¬ 
ition,  future  amplifiers  will  be  operated 
at  approximately  100  microamps  of  DC  cath¬ 
ode  to  plate  current.  This  helps  to  clean 
and  electron-polish  the  tubes. 

When  required,  further  gain  stages  can 
be  added  as  above  to  increase  amplifier 
peak  power,  and  upgrading  amplifier  plate 
supply  will  allow  for  greater  average 
power  output . 

The  amplifier  described  above  is  con¬ 
tained  in  a  14”  tall  chassis  of  standard 
width  having  a  22”  depth  and  an  85  lb. 
weight . 

Technology  Comparison 

Other  technologies  having  a  similar 
dv/dt  and  peak/average  power  capabilities 
are : 

a)  Spark  gaps 

b)  Krytrons 

c)  Thyratrons 

d)  Avalanche  Transistors 

Of  these,  only  thyratrons  have  comparable 
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duty  cycle  and  lifetime  characteristics. 
None  of  these  technologies  produces  an 
output  with  a  spectral  content  as  constant 
as  the  trlode  amplifiers.  In  addition,  all 
of  the  above  technologies  are  non-linear 
switches  requiring  pulse  shaping  PFNs  at 
Che  output  level.  Since  our  trlode  ampli¬ 
fier  uses  linear  gain  elements  throughout, 
pulse  shaping  is  done  at  the  input  level. 
Our  triode  amplifiers  can  produce  readily 
controllable  pulse  trains  or  pulse  bursts 
without  pulse  to  pulse  recovery  time  re¬ 
quirements.  Burst  mode  frequencies  ex¬ 
ceeding  100  MHZ  are  possible.  For  a  com¬ 
parison  of  these  technologies  see  Fig.  2. 

Applications 

The  Intensity  of  an  optical  signal  can 
be  modulated  at  high  frequencies  or  for 
nanosecond  time  frames  using  the  Pockels 
effect.  By  applying  a  voltage  to  a  crystal 
of  proper  material,  the  polarization  of  an 
optical  sitnal,  often  a  laser,  can  be  ro¬ 
tated.  This  is  the  Pockels  effect.  An 
optical  gate  is  formed  when  a  device  using 
Pockels  effect  (i.e.  a  Pockels  cell)  is 
placed  in  a  linearly  polarized  laser  beam 
between  polarization  sensitive  devices. 

One  polarization  is  blocked  while  polar¬ 
ized  signals  90°  rotated  pass. 

Today's  Pockels  cells  exhibit  multi¬ 
megahertz  upper  end  frequency  responses 
while  requiring  drive  into  the  megawatt 
peak  power  level. 

Pockel  cell  applications  generally 
fall  into  these  categories:  a)  pulse 
selection,  b)  pulse  carving,  c)  laser 
amplifier  control  or  isolation. 

Pulse  selection  is  often  required  when 
a  laser  oscillator  is  used  to  produce  "mode 
locked"  short  duration  pulses.  In  this 
case  a  train  of  pulses  are  emitted  from 
which  some  are  selected.  (See  Fig.  3, 
which  depicts  a  typical  pulse  selection 
application . ) 

Pulse  selection  is  also  accomplished 
using  a  Pockels  cell.  In  this  case  a 
portion  of  CU  or  long  pulse  laser  light 
is  allowed  to  pass  through  the  cell  gate 
for  a  pre-deflned  period  at  pre-deflned 
signal  levels. 

Instantaneous  Frequency  Agile  Transmitters 

Since  there  are  no  tuned  circuits  in 
our  trlode  amplifier,  it  can  reproduce 
any  RF  signal  input  over  its  operating 
frequency  range  in  real  time.  In  class  C 
mode,  pulse  code  modulation  is  also  poss¬ 
ible  as  well  as  single  sideband  communl- 
cat ions . 
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A  LOT  POWER  MODULATOR  FOR  A  HIGH  POWER  PULSED  E-BEAM 

Rudolf  Linpaecher  ,  Rudolph  Litte 
Avco  Everett  Research  Laboratory 
Everett,  Ma.  02149 


Abstract 

High  power  pulsed  electric  discharge  lasers  use 
wide  area  E-beams  to  ionize  the  lasing  medium.  The 
E-bean  is  gated  with  a  pulse  power  system  that  must 
develop  pulses  having  currents  of  hundreds  of  amperes 
and  up  to  10*  volts. 

The  requirement  far  current  density  uniformity 
excludes  the  techniques  caircnly  used  in  high  power 
vacuun  tubes  to  reduce  the  amount  of  "grid"  power. 

This  paper  discusses  a  technique  for  modulating  the 
E-beam  with  a  pulser  requiring  a  negligable  amount  of 
pewter.  This  is  acccnplished  with  a  non  intercepting 
electrode  that  develops  a  negative  field  around  the 
filanentry  cathode  to  hold  the  E-beam  gun  in  a  cut  off 
state.  Wien  the  voltage  is  removed  fran  the  ncr  inter¬ 
cepting  electrode  a  positive  field  fran  a  sec end  elec¬ 
trode  acts  on  the  cathode  to  extract  a  space  charge 
limited  current.  Except  far  sane  small  capacitive 
effects  and  small  ion  currents  the  non  intercepting 
control  electrode  draws  no  current. 

The  concept  wee  first  reduced  to  practice  in  a 
snail  scale  bell  jar  experiment.  The  concept  was  then 
scaled  to  a  full  size  250  kv  E-beam  operating  up  to 
120  pps  in  the  AERL  program.  This  method  of  E-beam 
control  proved  to  be  successful  in  developing  high 
repetition  rate  E-beam  pulses  of  high  current  using  a 
low  power  pulse  generator. 

The  technique  proved  to  flexible  and  capable  of 
very  square  pulses  or  other  shapes  as  required,  trape¬ 
zoidal  for  example. 


Back  Plate  Controlled  Electron  Beam  Gun  Fee  Lasers 
Introduction 

The  development  of  high  power  electric  CW  and 
pulsed  electric  lasers  can  be  to  a  large  part  accredit¬ 
ed  to  the  existence  of  the  vacuun  tube  technology.  The 
use  of  this  technology  allowed  the  design  and  test  of 
an  easily  controlled  triode  type  E-beam  gun  for  the 
first  E-beam  stabilized  OO2  laser.  Subsequent  scaling 
of  the  E-beam  to  cross  section  areas  of  25  an  x  200  an 
far  the  Big  Bang  and  Humdinger  devices  with  E-bean 
energies  up  to  180keV  proved  to  be  relatively  straight¬ 
forward.  1)2,3  For  these  and  subsequent  devices  the 
electron  gun  and  the  electron  acceleration  were  sep¬ 
arated  by  enclosing  the  E-bean  gun  and  its  control 
electrodes  in  a  Faraday  cage,  a  screened  aperture  in 
the  later,  serving  as  the  anode  of  the  gun. 

Electrons  exiting  the  gun  through  the  screened 
aperature  enter  a  region  of  uniform  electric  field. 

The  field  is  of  sufficient  extent  to  impart  enough 
energy  to  the  electrons  so  that  they  pass  through  a 
foil  vacuun  barrier  into  a  cavity  filled  with  the 
lasing  median  and  there  perform  the  ionizing  function. 
Pulse  control  of  these  E-beams  with  conventional  tech¬ 
niques  require  modulators  having  high  peak  power  and 
in  the  case  of  high  repetition  rates  high  average  povwt 
A  concept  has  bean  developed  that  can  pulse  modulate 
nigh  power  E-beans  with  negligable  energy. 


Background 

The  early  laser  E-beam  guns  consist  of  a  fila- 
mentry  cathode  and  control  grid  enclosed  in  a  Faraday 
shield.  A  screened  aperature  in  the  Faraday  shield 
allows  the  electrons  to  exit  into  the  high  voltage  ac¬ 
celerating  field.  The  screening  factor  in  this 
aperature  is  high  enough  to  prevent  any  significant 
penetration  of  the  high  voltage  field.  Because  of 
this  the  analysis  of  the  E-beam  system  can  be  sinpli- 
fied  because  the  elements  within  the  Faraday  shield, 
often  called  the  gun,  can  be  considered  seperately 
from  the  analysis  which  is  concerned  with  the  accelera¬ 
tion  aspects  of  the  E-beam. 

The  analysis  of  the  gun  can  be  handled  in  the 
same  manner  as  with  a  conventional  vacuum  tube  triode. 
There  is  hewever  one  constraint  on  the  E-beam  gun  that 
is  not  significant  in  a  vacuun  tube.  That  constraint 
is  the  need  for  uniformity  in  the  electron  density 
over  the  entire  beam  area. 

In  the  early  E-beam  guns  a  planar  control  grid 
located  between  the  filament  and  the  anode  (Faraday 
aperature  screen)  serves  to  control  the  electron  beam 
current  while  a  preser  ved  potential  on  the  anode  de¬ 
termines  the  density  of  the  space  charge  limited 
currant.  For  subsequent  devices,  as  higher  E-beam 
current  densities  were  required,  the  control  grid  was 
ranoved  and  the  anode  to  filament  spacing  reduced  tc 
take  advantage  of  the  distance  squared  effect  to  min¬ 
imize  the  arplitude  of  the  moduation  voltage.  Current 
rontrol  of  this  type  of  gun  is  achieved  by  pulsing  the 
potential  of  filamentary  cathode  with  respect  to  the 
anode.  A  positive  bias  potential,  typically  of  the 
order  of  500  volts,  overcomes  the  high  voltage  penetra¬ 
tion  and  vork  function  energy  of  the  electrons  to  main- 
tai'.  the  gun  in  a  cutoff  condition.  In  the  conduction 
node  negative  pulse  voltages  in  some  cases  as  high  as 
15  XV  applied  to  the  filanent  produces  current  densities 
greater  than  one  anpere  per  square  centimeter  out  of  the 
gun. 

With  the  removal  of  the  control  grid  the  gun 
resembles  a  thermionic  diode  and  although  this  sim¬ 
plified  the  gun  it  was  at  the  expense  of  a  high  power 
pulser.  High  pulser  power  is  required  because  the  en¬ 
tire  E-beam  currant,  including  a  significant  fraction 
intercepted  by  the  Faraday  cage  aperature  screen  is 
supplied  by  the  pulser.  The  peak  power  can  amount  to 
more  than  ten  megawatts  and  at  high  repetition  rates 
leads  to  significant  average  power.  It  was  this  power 
demand  that  motivated  the  development  of  a  new  type  of 
E-beam  control  system  that  has  a  significant  reduction 
of  control  power. 

tXiring  the  early  periods  of  the  vacuun  tube  de¬ 
velopment  Deforest  (1906)  invented  the  Platicn  tube 
which  subsequently  appeared  as  the  gawnatron  or  gridless 
vender.  These  tubes  consisted  of  a  row  of  filament 
wires  between  the  grid  and  plats  planes.  Further  ex¬ 
perimental  work  on  this  concept  is  reported  by  H.  Oohn(4> 
in  1924.  The  latter  work  includes  the  performance  of 
various  contoured  control  plates. 
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To  use  the  Platicn  '.also  called  the  back  plate) 
control  configuration  for  hiah  pcwer  pulsed  iasers 
•  ith  anode  voltage  in  the  range  of  five  to  ten  kelo¬ 
id  ts  and  filament  emissions  to  an  anpere  an"-  theo¬ 
retical  as  well  as  experimental  work  was  required. 

This  effort  was  further  core iica tec  by  the  requirement 
fer  a  partially  transparent  anode  as  opposed  to  the 
solid  plate  anode  of  a  .conventional  tube. 

In  a  conventional  tube  spaciai  nen  uniformities 
in  the  electron  current  streaming  to  the  anode  are 
normally  not  important.  In  a  laser  electron  beam  un¬ 
iformity  of  the  electron  density  is  of  critical  im¬ 
portance.  In  order  that  these  various  factors  could 
be  experimentally  verified  a  short  section  of  a  full 
size  gun  with  two  filamentary  cathodes  was  fabricated 
and  tested. 

The  Electrostatic  Field  Of  The  Sack  Plate  Gun 

The  potential  within  a  plaie  configuration  of 
th :  three  electrodes  shown  in  figure  1  in  a  manner 
developed  by  Spangenberg  is  given  by: 


when  ..  =  *■  d2_j 


since  V  =  — 


When  j  =  - 


V 


1 


+ 


d!-2  ql 


+  C 


Since  r2  <<  a  potential  at  o;  r2  and  r2. 


are  almost  equal  so  for  u  =  o  and  V  =  r2 


tv 


V 


2 


-  oos 


The  potentials  for  the  three  planes  have  been 
established  without  regard  to  the  function  of  each 
electrode.  In  a  conventional  triode  electrodes  1,  2 
and  3  are  cathode,  grid  and  plate  respectively.  In  the 
back  plate  gun  electrodes  1,  2  and  3  are  back  plate, 
filament  and  plate  in  that  order. 


The  current  from  the  E-beam  gun  is  given  by: 


I  =  K 
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Electrostatic  Field  Coordinates 


At  cutoff 

Where  u  is 
can  be  determined 


I  =  0  and  V.  =  -  -f — 
b  y 

the  arplification  factor  which  new 


bi). 


This  expression  shows  that  the  aquipotential 
lines  near  the  origin  and  near  each  electrode  in  the 
center  plane  are  circles.  For  large  values ,  both 
positive  and  negative,  of  u  the  eouipotentials  are 
planes  parallel  to  electrode*  1  and  3. 


u  " 


V 


In  ^s. 


Cutoff  also  means  that  the  potential  gradient  at 
the  filament  and  the  charge  g2  are  zero. 
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The  expression  for  u 
y  »  d2-3 


becomes  very  single; 


In  practice  this  ratio  is  very  small  and  the 
anplificaticn  factor  typically  is  2. 

there  are  two  means  of  illustrating  the  internal 
fields  of  the  gun.  the  first  is  a  contour  represent¬ 
ation  which  can  be  plots  of  the  equipotential  lines, 
the  second  is  a  potential  profile  representation 
which  can  be  either  along  a  line  from  the  back  plate 
to  the  anode  through  a  filament  and  nontal  to  the 
anode,  or  a  parallel  line  between  the  filanents. 
Figures  2  and  3.  show  equipotential  lines  far  cutoff 
and  conduction  conditions. 
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Figure  3.  Equipotential  Lines 


Figure  5.  Potential  Profile 
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Either  representation  shews  that  when  the  gun  is 
in  the  cutoff  condition  the  filament  is  in  a  negative 
field  gradient  strong  enough  to  overcane  the  work  po¬ 
tential  of  the  anitted  electrons  and  keep  them  con¬ 
fined  to  a  small  volume  around  the  filatent. 

Snail  Scale  Bcperiment 

An  experimental  E-beam  gun  was  constructed  to 
test  the  hack  plate  concept  and  to  predict  the  opera¬ 
tional  parameters  of  a  full  size  gun.  The  experi¬ 
mental  gun  had  dimensional  similiarity  to  the  proposed 
full  scale  gun  in  all  respects  exoept  the  length  thus 
permitting  the  full  scale  unit  to  be  designed  in 
detail.  The  test  setup  provided  the  means  to  deter¬ 
mine  the  magnitude  of  the  control  plate  and  filament 
bias  voltages,  verify  the  integrity  of  the  filament 
mounting  structure,  test  insulators  for  electrical 
standoff,  and  establish  the  tube  characteristics  for 
two  types  of  back  plate  configurations. 

A  photograph  of  the  test  setup  is  shown  in 
Fig.  6.  The  significant  dimensions  are  shewn  in 
Table  1. 


Figure  7.  Electrical  Control  of  E-Beat  Test 
Set  Up  -  Schematic 

The  second  form  of  pulser  was  the  R-C  configura¬ 
tion  shewn  in  Fig.  8.  A  two  uf  capacitor  was  charged 


to  the  maximum  desired  control  voltage  and  discharged 
through  various  resistors  to  obtain  exponential  decays 
with  time  constants  ranging  from  2  to  200  usee.  In 
this  manner  a  single  oscillogram  mapped  out  the  E-beam 
current  as  a  function  of  the  back  plate  voltage  for  a 
given  combination  of  grid  and  solid  anode  potentials. 

SACK  PLATE v 


Figure  6.  Small  Scale  Experiment 

The  experimental  unit  was  assembled  in  a  bell 
jar  where  a  nominal  pressure  of  2  x  10-6  Tbrr  was 
maintained.  The  level  of  the  base  pressure  was  not 
found  to  be  critical  and  only  slightly  affected  the 
control  of  plate  current. 

Electrical  Circuits 

TWo  types  of  pulsers  were  used  to  oontrol  the 
back  plate  voltage.  A  1:2  pulse  transformer  stepped 
up  the  pulse  voltage  to  4.4  kV  with  pulse  durations  up 
to  SOusec.  The  capacitor  Cl  was  charged  sufficiently 
negative  with  respect  to  the  filaments  to  assure  com¬ 
plete  E-beam  current  cut  off  in  tl,e  absence  of  a  pul  e 
shown  in  Fig.  7. 
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Figure  8. 

rimental  Procedure 


The  filament  temperature  was  adjusted  so  that 
space  charge  limited  operation  existed.  This  was  oom- 
plished  by  increasing  the  filament  power  slightly  above 
the  point  where  there  was  no  further  increase  in  E-beam 
current  when  the  back  plate  was  pulsed.  Space  charge 
limit  operation  is  particularly  important  in  E-beam 
gun  operation  because  electron  beam  uniformity  is  then 
dictated  by  the  interelectrode  tolerances  and  not  by 
temperature  nonurifomities  of  the  filaments. 

The  cut  off  potential  was  determined  by  reducing 
the  back  plate  bias  voltage  to  the  value  where  a  snail 
E-beam  current  was  emitted  from  the  filaments.  The 
back  plate  bias  voltage  was  then  increased  by  10%  to 
assure  ccrplete  cut  off. 

The  R-C  type  pulsar  was  used  to  determine  the  gun 
control  character i st ica .  Various  fixed  grid  anode 
voltages  were  applied  and  for  each  voltage  the  E-beam 
current  as  a  function  of  the  oontrol  plate  potential 
was  displayed  on  the  oscilloscope.  A  family  of  such 
curves  is  shewn  in  Fig.  9. 
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Figure  9.  Central  Place  Bias 


The  data  is  displayed  in  a  format  most  useful  for 
E-beam  gun  control  application  and  not  in  tte  tradi¬ 
tional  form  published  for  '/acuum  tubes.  The  typical 
tube  parameters  at  an  operational  point  of 


Soma  of  the  characteristic  curves  were  repeated 
using  only  one  of  the  two  filaments  in  order  to  pre¬ 
dict  the  performance  of  a  large  gw  with  close  to  100 
filaments  in  parallel.  The  collected  data  indicate 
that  the  Mission  for  a  filament  in  an  array  is  within 
St  (lower)  than  mission  of  a  single  filament.  This 
result  was  theoretically  expected  and  is  also  in  agzee- 
rasnt  with  data  collected  firm  existing  guns  operated 
in  diode  node. 

The  major  incentive  in  development  of  the  bade 
plate  controlled  gw  tarn  to  obtain  a  reduction  of  the 
control  pcMtr  requirements.  As  cm  be  sew  in  Fig.  10 
the  control  plate  current,  pvesuoebly  ion  and  second¬ 
ary  electxw  omission,  is  orders  of  magnitude  lower 
than  e-team  current.  The  snail  back  plate  current 
-remits  5-beam  control  of  even  a  full  sire  gw  with  a 
ar  power  modulator. 
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Figure  10.  Pulsed  Mode  E-Beam  Test 
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TABLE  I 

EXPERIMENTAL  BACK  PLATE  GUN  PARAMETERS 


FILAMENT  LENGTH  25an 

FILAMENT  DIAMETER  0.05cm 

NUMBER  OF  FILAMENTS  2 

BACK  PLATE  TO  FILAMENT  (g)  1  cm 

FILAMENT  SPACING  (Sf)  2.5cm 

FILAMENT  TO  ANODE  GRID  (d-g)  2cm 

ANODE  GRID  DIAMETER  dfl  0. 032an 

ANODE  SPACING  J  1.27an 

a 

*A  ANODE  to  ANODE  S„  2.8cm 

a& 


‘Although  the  electrons  exiting  the  gw  were  not  accel¬ 
erated  to  high  energy  levels  in  the  test  set  up  the 
field  in  the  vicinity  of  the  anode  grid  was  consistent 
with  that  in  the  full  scale  unit. 

FULL  SCALE  RESULTS 

The  data  gathered  in  the  small  scale  experiment 
was  used  to  complete  the  design  of  a  full  scale  gw. 

The  performance  of  the  full  size  E-bemn  agreed  with  the 
predications  obtained  in  the  bell  jar  experiments.  The 
only  anonaly  that  was  discovered  was  an  instability 
that  occurred  in  a  particular  operating  regime.  In  con¬ 
cept  a  full  range  of  E-bean  current  could  be  obtained 
by  adjusting  the  magnitude  of  the  pulse  applied  to  the 
back  plate.  This  nas  confirmed  in  the  small  scale 
experiment  with  a  potential,  field  just  outside  of  the 
gw  equivalent  to  the  field  in  a  full  scale  unit.  In 
the  large  unit  with  the  entire  accelerating  voltage 
present  stable  low  current  E-beams  could  not  be  ob¬ 
tained  with  a  high  gw  anode  voltage  and  low  modulating 
pulse.  However,  there  vies  no  limit  bo  the  range  of 
stable  operations  batueen  maxinun  design  value  and  zero 
if  the  gw  anode  voltage  was  varied.  In  any  event  the 
unstable  region  was  concerned  with  E-bean  current  pulse 
levels  much  below  the  levels  at  vftich  the  gw  is  nor¬ 
mally  operated.  It  is  reasonable  to  deduce  that  since 
the  instability  is  a  voltage  effect  and  not  a  field 
effect  the  instability  is  brought  about  by  ions  pene¬ 
trating  into  the  gw  and  effecting  the  space  region 
around  the  filament. 

In  the  full  scale  unit  the  mndilating  pulse  was 
obtained  with  a  centner cial  hard  tube  pulse 
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generator.  There  was  no  practical  limit  to 
the  poise  rate  capability  of  the  gun  assuming  of 
course  that  the  power  supplies  for  the  high  voltage 
and  gun  anode  had  the  required  capacity .  The  hard 
tube  modulator  was  connected  to  the  bade  plate 
through  a  1:5  step  up  pulse  transformer  and  even  with 
the  25:1  impedance  transformation  there  were  no  load¬ 
ing  effects  on  the  Cober.  The  high  impedance  char¬ 
acteristic  of  the  back  plate  was  further  confirmed  by 
connecting  a  high  resistance  in  series  with  the  back 
plate  with  no  reduction  in  the  output  pulse  atplitude. 
Figure  11  is  an  oscillogram  of  a  single  shot  of  a 
high  current  40  ..sec  E-bean  pulse.  Figure  12  shows 
25  pulses  taken  at  a  high  repetition  rate.  ftn- 
plitude  spread  is  due  to  the  dynamics  of  the  high 
energy  capacitor  bank  circuit  and  not  because  of  a 
gun  characteristic. 


Figure  U. 


Figure  12. 


Conclusion 

A  non-intercepting  control  electrode  can  pulse 
modulate  a  high  pamr  E-bean  at  high  repetition  rates. 
The  control  electrode  has  in  effect  a  high  inpedanoe 
and  requires  little  driving  power. 
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Summary 

This  paper  describes  the  results  of  a  study  of  sixty- 
five  point  designs  of  thyratron-switched  modulators 
covering  the  parameter  ranges: 

Average  Power:  0.5  to  30  MW 

Energy  Per  Pulse:  10  to  100  kJ 

Output  Voltage:  20  kV 

Pulse  Duration:  5  to  40usec 

Pulse  Repetition  Frequency:  50  to  500  Hz 

Maximum  Burst  Duration:  2  min 

For  the  majority  of  the  point  designs,  several  thyratron 
modules  were  required,  a  feature  which  led  easily  to  the 
concept  of  sequentially  charging  individual  modules  or 
groups  of  modules  in  order  to  smooth  the  load  on  the 
prime  power.  Both  active  and  adiabatic  cooling  tech¬ 
niques  were  employed  in  the  assumed  environment  of 
10,000  ft.  altitude  and  20°C  ambient  temperature.  Repre¬ 
sentative  state-of-the-art  components  used  in  the  designs 
were  HY-7  thyratrons  and  60  J  /lb  pulse  capacitors. 
Conceptual  designs  of  sixteen  charging  chokes  were 
prepared  to  cover  the  range  of  parameters  described 
above . 

Graphical  and  tabular  results  describing  the  modulator 
weights  and  volumes  are  presented.  Artist's  concepts 
which  illustrate  the  minimum  weight  and  minimum  volume 
approaches  are  also  included. 

This  work  was  sponsored  by  the  Aero  Propulsion 
Laboratory .  Air  Force  Wright  Aeronautical  Laboratories , 
Wright-Patterson  AFB.  Ohio  45433. 


Introduction 

This  paper  is  based  on  the  results  of  a  design  study 
of  lightweight,  low  volume  power  conditioning  subsystem 
in  the  range  of  300  kW  to  30  MW  which  has  been  under¬ 
taken  as  part  of  the  Air  Force  exploratory  development 
program  in  high  power  airborne  electrical  power  supply 
technology.  These  designs  are  based  on  presently 
available  component  technology  such  as  solid  state 
switching  devices,  newly  developed  thyratrons  and 
high  energy  density  pulse  capacitors. 

Although  these  pulser  subsystems  are  to  be  operated 
in  the  burst  mode,  active  cooling  concepts,  rather  than 
purely  adiabatic  thermal  management,  have  been  incorpo¬ 
rated  whenever  they  would  offer  an  advantage  in  mini¬ 
mizing  weight  or  volume.  A  simplifying  assumption  has 
been  made  that  the  environment  is  equivalent  to  an 
altitude  of  10,000  ft  and  an  ambient  temperature  of  20°C. 

The  designs  which  were  prepared  included  all  the 
elements  of  the  well-known  line-type  modulator  such  as 
the  command  charge  switch,  pulse-forming  line  (PFL)  , 
discharge  thyratron  and  its  accessories.  Pulse  trans¬ 
formers  were  not  considered.  For  the  majority  of  the 
point  designs  several  PFL-thyratron  modules  were 
required,  a  feature  which  combined  readily  with  the 
concept  of  sequentially  charging  individual  modules  or 
groups  of  modules  in  order  to  smooth  the  load  on  the 
prime  power  source.  The  system  interfaces  and  the 
basic  circuit  concept  are  further  described  in  Figures 
1  and  2. 

A  total  of  65  design  points  were  evaluated  for  both 
minimum  weight  and  minimum  volume  resulting  in  130 
separate  point  designs.  The  parameter  ranges  used  to 
generate  the  various  design  points  are  listed  in  Table  1. 


20  kVdc 
INPUT 


20  kV  PULSE 
TO  MATCHED 
LOAD 


Figure  1  -  Block  Diagram 
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Figure  2  -  Line  Type  Modulator  Concept  with  Sequential  Charging 


TABLE  1 

PARAMETER  RANGES 


Average  Power 

0.5  to  30  MW 

Energy  Per  Pulse 

10  to  100  kJ 

Pulse  Duration 

5  to  40u  sec 

PRF 

50  to  500  pps 

Input  Voltage 

20  kVdc 

Output  Voltage 

20  kV  pulsed 

Critical  Components 

The  molt  influential  components  of  the  pulser  design 
were  the  switches,  pulse  capacitors  and  charging  chokes. 
Care  was  taken  to  stay  within  present  device  technology. 

Output  Switches 

Because  of  the  range  of  repetition  rates  considered  it 
was  straightforward  to  choose  thyratrons  as  the  output 
switches  over  alternatives  such  as  spark  gaps. 

The  EGtG  H  T1S-40)  tube  was  selected  as  repre¬ 

sentative  of  the  i-of-the-art  in  conventional  thyra¬ 
trons  with  a  normal  range  of  di/dt. 

In  order  to  minimise  weight  and  volume  it  was  found 
necessary  to  fully  utilize  the  one-MW  average  power 
capability  of  the  HY-7.  This  factor  is  illustrated  by 
the  nomograph  in  Figure  3. 

There  are  both  peak  and  average  power  limitations  on 
the  HY-7  thyratron.  One  purpose  of  the  nomograph  is 
to  simplify  analysis  such  that  maximum  system  capability 
is  achieved  by  using  the  switches  at  their  maximum  peak 
and  average  power  capabilities  simultaneously.  An 
example  which  illustrates  both  the  peak  power  UOOO  MW) 
and  average  power  (one  MW)  limitations  is  shown  in  the 
following  paragraph. 


HY  7  OPERATION 
40  kV  PEAK 
50  kA  PEAK 
-50 A  AVERAGE 


Figure  3  -  Maximum  HY-7  Thyratron  Capability 
in  PFN  Module 

For  a  10- usee  pulse  width,  for  example,  these  limi¬ 
tations  require: 

Peak  Energy  Per  Pulse  =  (1000  MW)  (10  usee)  * 

10  kJ  Maximum 
1  MW 

Repetition  Rate  -  (  1o65W7TOu  sec^  * 

100  pps  Maximum 
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Nate  that  the  so-called  safe  operating  area  on  the 
nomograph  is  based  on  using  the  HY-7  thyratron  at  its 
maximum  peak  and  average  power.  That  is.  reduction 
of  the  peak  pulse  energy  in  the  above  example  would, 
from  average  power  considerations,  allow  a  PRF  of  200 
pps.  However,  one  can  move  along  the  limit  line  only  in 
the  direction  of  reduced  peak  energy  per  pulse. 

The  number  of  HY-7  thyratrons  required  for  a  given 
pulser  design  point  may  be  determined  by  either  peak 
or  average  power  limitations  of  the  HY-7. 

Pulse  Capacitors 

Pulse  capacitors  for  use  in  burst  mode  PFLs  have 
been  demonstrated  to  operate  with  significant 

lifetime  (10^  to  10^  shots)  with  energy  storage  densities 
of  up  to  80  J/lb.  Although  these  data  would  indicate  a 
lifetime  of  only  a  few  hours  at  the  repetition  rates  of 
interest,  a  nominal  value  of  70  J/lb  was  chosen  for  the 
designs.  The  capacitor  size  was  determined  by  scaling 
a  60  J7Ib.  0.84  uF capacitor  of  known  dimensions.  ^ 
Because  of  the  effects  of  case  margins  the  actual  densi¬ 
ties  ranged  from  58  J/lb  to  69  J/lb. 

Charging  Choke  Designs 


The  charging  choke  designs  selected  were  modified 
Brooks  type  air  core  inductors  with  an  outer  concentric 
core  to  confine  and  provide  a  return  path  for  the  mag¬ 
netic  flux. 

Coil  construction  utilized  a  foil  conductor  and  insulation 
sandwich  type  of  winding  on  a  cylindrical  coil  tube. 

Adiabatic  charging  choke  operation  for  the  two  minute 
duty  cycle  was  assumed,  with  conductor  current  density 
selected  for  a  temperature  rise  of  1.5°C /second  or 
180°C  total  temperature  rise  during  operation.  Core  loss 
was  a  minor  factor. 

Charging  choke  Q  and  therfore  charging  circuit 
efficiency  were  dictated  by  minimum  size  and  minimum 
weight  constraints  consistent  with  the  adiabatic  design 
described.  Generally  charging  circuit  losses  were 
calculated  to  be  v  2i  percent  at  the  seven  megawatt 
average  power  level,  decreasing  to  half  that  at  the 
highest  average  power  levels  studied. 

Figure  4  entitled  "Charging  Choke  Characteristics" 
represents  the  total  charging  choke  core  and  coil  weight 
in  a  given  pulser.  All  data  represent  choke  designs 
deployed  into  a  four  sequential  charging  module  circuit 
configuration,  with  the  operating  frequency  taken  from 
the  actual  module  resonant  frequency.  The  dependence 
of  total  charging  choke  weight  on  equivalent  operating 
frequency  is  striking.  This  effect  is  not  caused  by 
large  changes  in  core  weight  as  much  as  by  increased 
charging  choke  energy  storage  in  the  coil  air  gap  re¬ 
quired  by  the  higher  peak  energy  pulsers,  in  order  to 
maintain  the  uniform  high  voltage  power  supply  (HVPS) 
current  loading  desired. 

Referring  again  to  Figure  4  total  pulser  charging 
choke  minimum  weight  is  achieved  by  utilizing  the  mini¬ 
mum  number  (4)  required  for  the  sequential  charging 
modules  selected.  The  use  of  4  x  2  matrix  of  eight 
total  chokes  at  30  megawatts  average  power  versus  4x3 
matrix  or  12  total  chokes  at  21  megawatts  average  power 
results  In  the  apparent  contradiction  of  higher  total 
charging  choke  weight  required  for  the  21  megawatt 
case.  The  actual  number  of  charging  chokes  selected 
for  a  given  pulser  was  dictated  by  the  pulse  forming 
network  and  thyratron  module  requirements. 


- -o  30  MW  AVERAGE 

O  ■  —O  21  MW  AVERAGE 
O'  ■  -O  14  MW  AVERAGE 

| -  a  ■  7  MW  AVERAGE-, 

PULSERS  WITH  4  SEQUENTIAL 
CHARGING  MODULES  \ 


HVPS  - 20  kVdc  ALL  CASES 


200  300  500  700  1000  2000 

CHARGING  CHOKE  OPERATING  FREQUENCY  (Hz) 


Figure  4  -  Charging  Choke  Characteristics 

Modularity  And  Configurations 

In  order  to  arrive  at  reasonable  design  matrices,  account 
had  to  be  taken  of  the  general  system  requirements  and 
the  optimum  use  of  critical  components. 

For  the  system,  the  basic  considerations  were  for  the 
operating  environment,  the  duty  cycle  and  the  interface 
requirements  for  the  PFN  circuits  at  the  power  supply 
and  load  with  an  environment  of  air  at  20°C  ambient  at 
10,000  ft.  altitude.  It  was  decided  to  accept  this  as  the 
general  insulating  medium  for  the  minimum  weight 
designs,  after  appropriate  assignment  of  electrical 
stresses.  Minimum  volume  designs  would  accept  the 
weight  penalties  of  a  liquid  medium. 

The  loading  on  the  power  supply  was  required  to  be 
uniform  during  the  PFN  operation,  implying  a  low  ratio 
of  peak  to  average  charging  currents  with  consequent 
high  power  factor  (0.8  -  0.9).  To  satisfy  this  require¬ 
ment,  the  resonant  charging  of  modules,  or  blocks  of 
modules  in  sequence  was  adopted  -  a  technique  called 
"Sequential  Charging". 

Sequential  Charging 

In  its  simplest  form  sequential  charging  may  be 
implemented  through  the  use  of  separate  charging 
circuits  (modules)  Including  a  dedicated  PFL  and  dis¬ 
charge  thyratron  equal  to  the  number  of  sequential 
charging  sections  desired. 

Since  all  PFL's  are  discharged  simultaneoulsy  into  a 
common  load,  the  staggered  command  charge  for  each 
sequential  section  is  timed  from  the  PPC  output  pulse 
and  may  include  a  dead  time  to  allow  for  thyratron 
recovery  before  any  resonant  charging  is  initiated. 


Figure  5  graphically  shows  three  module  sequential 
charging  currents  (dotted  lines)  combined  to  represent 
the  actual  high  voltage  power  supply  current  waveform 
(solid  line).  The  hatched  line  shows  a  single  charging 
module  'and  HVPS)  current  as  in  a  conventional  line  type 
modulator  design  with  a  command  charge  feature. 

In  the  ct  se  snown,  the  sequential  charging  waveforms 
a',  phased  120  degrees  apart  for  t/n  sequential  module 
charging  time.  Sequential  charging  frequency  is  n/2t 
where  t  is  defined  as  the  allotted  charging  period,  rather 
than  the  interpulse  period.  Electrical  degrees  are  ;iven 
in  terms  of  the  sequential  charging  frequency. 

A  symmetrical  HVPS  current  waveform  top  is  derived 
from  phasing  the  intersection  of  the  sequential  charging 
currents  at  30  degrees  and  in  the  three  sequential 
charging  module  case  results  in  13.4  percent  peak-to- 
peak  top  ripple.  The  peak  charging  current  in  this 
example  is  77.7  percent  of  that  obtained  in  the  single 
charging  module  case. 


HVPS  CURRENT 

- SINGLE  MODULE 

_ SEQUENTIAL  CHARGING 

MODULE  CURRENT 

-  HVPS  CURRENT 

(SEQUENTIAL  CHARGING! 


Figure  5  -  Charging  Current  Waveforms 
Power  Supply  Loading 

High  voltage  power  supply  (HVPS)  or  prime  power 
current  loading  is  shown  in  Figure  b  entitled  "Sequential 
Charging  Current  Characteristics"  in  which  the  pulser 
is  charged  continuously  as  shown  in  Figure  5,  i.e., 
without  recovery  and  hold  times.  The  curves  shown 
connect  the  realizable  discrete  points  obtainable.  Power 

factor  in  this  case  is  presumed  to  be  I  /I  . 

average  peaic 

which  is  the  inverse  of  the  upper  I  ,/I  _  curve. 

peaic  average 

Should  continuous  HVPS  and  prime  power  loading  be 
desired,  the  simplest  approach  is  to  use  an  additional 
sequential  charging  circuit  module  which  is  not  fired 
simultaneously  with  the  other  modules.  Thus  the  oper¬ 
ating  duty  for  each  module  becomes  (n-l/n)  time*  the 
pulser  duty  where  n  is  the  total  number  of  sequential 
modules  employed. 


SEQUENTIAL  CHARGING  MODULES  PER  PULSER 


Figure  6  -  Sequential  Charging  Current 
Characteristics 

Combinations  of  ?4oduIes 

It  was  apparent  that  PFL  modularity  was  advantageous 
for  the  charging  system  and  could  also  provide  design 
alternatives  at  the  output  pulse  transformer  and  load. 

The  following  illustrates  the  configurations  adopted.  The 
elementary  module  is  that  of  an  HY7  switch  which  is 
fully  exploited  at  its  average  power  rating  of  1  MW.  The 
configurations  for  this  are  shown  in  Figure  7  for  a 
number  of  pulse  durations,  5,  10,  20  -  40  usee.  Since 
the  pulse  risetime  specifications  were  not  difficult  to 
achieve,  the  PFL  modularity  was.  in  the  main,  determined 
by  the  limitation  of  peak  current  imposed  on  the  PFL 
capacitor  unit.  10  k  A. 
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Figure  7  -  Typical  PFN  Configurations 


From  the  matrix  of  design  parameters,  standard  PFL 
parameters  were  defined  to  aid  the  formation  of  module 
types.  This  is  illustrated  in  Table  2. 


TABLE  2 

PFL  CLASSIFICATION 


PFL 

Type 

Capacitor 

Valu«',jiF 

Number  of 
Capacitors 

Energy  Stored 
in  PFL-kJ 

- 

Capacitor 
Denaity  J  /lb 

a 

0.25 

12 

2.4 

58.5 

b 

0.5* 

12 

3.13 

62 

c 

0.45 

12 

4.12 

66 

d 

9.  50 

12 

4.80 

67 

e 

0.56 

12 

6.25 

69 

Taking  into  account  the  range  of  average  powers  to  be 
accommodated  and  the  divisions  of  the  systems  necessary 
to  apply  sequential  charging,  a  basic  module  containing 
two  HY7  circuits  rated  for  1.75  MW  average  power  was 
chosen.  The  mechanical  configuration  for  this  module 
is  shown  in  Figure  8.  This  design  ensures  a  low  level  of 
external  fields  due  to  the  control  of  the  discharge  current 
paths.  Provision  is  made  for  low  impedance  intercon¬ 
nections  to  other  modules  of  the  system  and  the  module 
is  self-contained  with  a  compact  arrangement  of  clipper 
and  charging  components. 


THYRATRONS 


Figure  8  -  Basic  Module:  Two  Thyratrons 
with  Charging  Circuit 

An  accumulation  of  these  modules  to  meet  a  7  MW 
design  is  shown  in  schematic  form  in  Figure  9  with  the 
physical  layout  for  a  minimum  weight  concept  in  Figure  10. 


f 


Figure  9  -  PFN  Schematice  for  7  MW,  25  kJ,  20  u  sec,  280  Hs 
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Results 


Mechanical  Design  Consideration 


The  results  of  this  design  study  are  summarised  in 
Table  4  and  in  the  graphical  presentations  of  Figures 
12  through  18,  The  500  kW  design  points  were  special 
cases  which  were  not  compatible  with  the  sequential 
charging  concept  and  did  not  fully  utilize  the  HY-7 
capabilities.  Consequently  these  design  points  are  not 
included  in  the  graphical  algorithms. 

Figure  12  shows  that  the  density  remains  fairly  constant 
over  the  range  of  interest.  Figures  13  through  18  show 
the  dependence  of  weight  on  pulse  energy  for  various 
pulse  durations  and  average  power  levels.  The  volume 
dependence  can  be  calculated  directly  from  these  curves 
and  the  density.  Within  the  range  of  accuracy  of  the 
results  the  algorithms  indicate  an  approximately  linear 
dependence  of  weight  and  volume  on  energy. 

Pulse  capacitor  energy  density  and  thyratron  peak 
power  capabilities  have  a  strong  influence  on  the  size  and 
weight  of  pulse  power  conditioning  systems.  Of  par¬ 
ticular  concern  is  the  peak  power  limit  of  the  HY-7  which 
results  in  a  much  larger  number  of  thyratrons  for  short 
pulse  systems  having  the  same  average  power  require¬ 
ments  as  associated  long  pulse  systems.  This  limitation 
could  be  ameliorated  substantially  by  the  development 
of  such  thyratrons  as  the  HY-7160  with  five-fold 
increased  peak  power  capability.  In  addition,  the 
development  of  so-called  ’  quick-start"  or  "cold-cathode" 
thyratrons  would  eliminate  the  requirement  for  auxiliary 
power  and  filament  transformers  weighing  about  30  lb 
each. 
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The  designs  addressed  the  environment  described 
earlier  with  particular  guidelines  depending  on  whether 
weight  or  volume  was  to  be  minimized.  Minimum  weight 
designs  were  air-insulated  with  the  base  at  ground  po¬ 
tential  and  the  remaining  surfaces  containing  exposed 
high  voltage.  Minimum  volume  designs,  however,  were 
oil-immersed  and  were  therefore  totally  enclosed  in  a 
grounded  metal  container. 

Component  packaging  utilized  voltage  grading  tech¬ 
niques  and  current  cancelling  configurations  to  reduce 
EMI.  Since  the  PFL  capacitors  were  enclosed  in  insulating 
material,  the  internal  construction  and  pad  configuration 
was  taken  into  account  to  achieve  compact  packaging. 

Cooling  techniques  included  natural  and  forced  con¬ 
vection  as  well  as  water  where  necessary.  Adiabatic 
absorption  of  heat  during  a  burst  was  assumed  to  occur 
both  in  certain  components  and  in  the  insulating  oil.  No 
circulating  oil  cooling  was  utilized  in  these  designs.  A 
summary  of  the  cooling  techniques  used  for  various  pulser 
components  is  given  in  Table  3. 

In  the  minimum  weight  designs  all  the  blocking  diodes 
are  air  cooled  except  for  the  30  MW  design  points  81 
through  65.  Similarly,  all  the  command  charge  SCR 
stacks  are  air-cooled  except  for  design  points  41  through 
65. 


TABLE  3 

PFN  COMPONENT  COOLING 


Component 

Cooling  Technique 

Min,  Weight 

Min-  Volume 

Thyratrons 

Pulse  Capacitors 

PFL  Coils 

Clipper  Diodes 

Clipper  Resistors 
Slocking  Diodes 
Command  SCR* 

Snubber  Network 
Charging  Choke 

Air 

Adiabatic 

Water 

Air 

Water 

Air /Water 

Air  /Water 

Air 

Adiabatic 

Oil 

Adiabatic 

Oil 

Oil 

Water 

Oil 

Oil 

Oil 

Adiabatic 

. 

TABLE  4 

PULSER  DESIGN  RESULTS 
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Figure  12  -  Volume  versus  Weight  for  7  MW  to  30  MW 
Average  Power  Pulse  Generators 
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Figure  13  -  Energy  versus  Weight  for  5  usee 
Minimum  Weight  Designs 
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Figure  14  -  Energy  versus  Weight  for  10  usee 
Minimum  Weight  Designs 
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Figure  15  -  Energy  versus  Weight  for  20  usee  - 
40  usee  Minimum  Weight  Designs 

Figure  17  -  Energy  versus  Weight  for  10 
Minimum  Volume  Designs 
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Figure  16  -  Energy  versus  Weight  for  5  usee 
Minimum  Volume  Designs 

Figure  18  -  Energy  versus  Weight  for  20  usee 
40  '-sec  Minimum  Volume  Designs 

PULSE  POWER  CIRCUIT  DIAGNOSTICS  FOR  THE  NOVA  LASER* 


D.  J.  Christie,  G.  E.  Dallum 
0.  G.  Gritton,  B.  T.  Merritt,  K.  Whitham 
Lawrence  Livermore  National  Laboratory 
P.0.  Box  5508,  L-464 
Livermore,  CA  94550 

L.  W.  Berkbigler 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87544 


Summary 

The  Nova  laser  will  have  a  large  pulse  power  sys¬ 
tem  for  driving  laser  amplifiers,  incorporating 
approximately  1,600  flashlamp  circuits.  An  automated 
system  has  been  designed  for  diagnosing  the  condition 
of  these  flashlamp  circuits.  It  records  digitized 
circuit  current  waveforms  and  detects  current  excur¬ 
sions  above  a  given  threshold.  In  addition,  it  is 
able  to  fire  flashlamps  at  a  low  energy  to  ascertain 
the  health  of  the  system. 

Data  from  this  sytem  can  be  plotted  for  inspec¬ 
tion  by  the  operator,  analyzed  by  the  computer  system 
and  archived  for  future  reference. 


Pulse  Power  System 

The  pulse  power  system  is  composed  of  about  1,600 
circuits,  several  high  voltage  power  supplies,  igni- 
tron  switches  and  necessary  control  electronics  and 
computer  interfaces. 

During  normal  operation,  a  capacitor  is  charged 
through  a  resistor  by  the  high  voltage  power  supply. 
The  top  supply  in  Figure  1  would  be  selected  by  the 
high  voltage  fanout  in  this  case.  At  shot  time,  the 
capacitor  is  discharged  into  the  flashlamps  in  the 
laser  amplifier  through  an  inductor.  In  a  system  of 
this  size  occasional  failures  are  inevitable.  These 
include  a  lamp  that  does  not  fire,  a  lamp  which 


NOV  ABUS  -  dual  lerial  fiber  optic  but 


PULSE  POWER  SYSTEM  CONFIGURATION 
FIGURE  1 


*fh is  work  was  performed  under  the  auspices  of  the 
U.S.  Department  of  Energy  by  the  Lawrence  Livermore 
National  Laboratory  under  Contract  No.  W-7405-ENG-48. 
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breaks  while  firing,  an  arc  from  the  flashlamps  or 
their  leads  to  the  reflector,  or  an  arc  from  the 
pulse  power  system  to  building  ground.  8ecause  of 
the  many  failure  modes,  the  pulse  power  circuitry  has 
been  instrumented  to  detect  these  kinds  of  failures. 
The  current  from  building  ground  to  the  ignitron 
switch  commons,  the  current  from  the  amplifier 
reflectors  to  the  switch  commons,  and  the  current  in 
the  return  leg  of  the  pulse  power  circuits  are  all 
monitored  with  current  transformers. 

The  current  transformers  are  physically  located 
in  the  switch  assembly.  Data  from  the  current  trans¬ 
formers  is  recorded  by  the  Lamp  Circuit  Diagnostics 
(LCD)  Interface.  The  LCD  interface  also  has  analog 
latches  for  determining  whether  the  current  exceeded 
a  given  level. 

In  addition  to  the  normal  firing  circuitry,  pro¬ 
vision  has  been  made  for  testing  the  pulse  power  sys¬ 
tem  by  firing  the  flashlamps  at  a  very  low  energy. 

The  bottom  power  supply  in  Figure  1  is  used  for  this 
purpose.  It  charges  a  capacitor  through  a  resistor. 
This  capacitor  is  connected  to  the  pulse  power  cir¬ 
cuitry  through  the  high  voltage  fanout  (Figure  1)  and 
the  top  power  supply  is  disconnected.  The  switch 
fires,  sending  a  pulse  of  approximately  the  same 
initial  voltage  but  much  lower  energy  to  the  laser 
amplifiers  through  the  pulse  power  circuitry.  Again, 
the  current  waveforms  are  monitored  by  the  LCD  inter¬ 
face  to  detect  faults.  This  allows  detection  of 
ground  faults,  pulse  power  circuit  failures,  and 
broken  or  bad  flashlamps  before  firing  them  at  full 
energy.  Firing  into  a  bad  flashlamp  at  full  energy 
can  result  in  a  profoundly  damaged  laser  amplifier, 
so  testing  flashlamps  at  low  energy  saves  money  and 
time  by  preventing  unnecessary  damage. 

Lamp  Circuit  Diagnostic  Interface 

The  LCD  interface  configuration  is  shown  in 
Figure  2.  Analog  data  is  received  from  the  current 
transformers  and  filtered.  It  is  then  processed  in 
two  ways.  First,  it  is  fed  into  analog  latches  which 


detect  excursions  over  a  given  threshold.  There  is  a 
high  and  low  threshold  programmable  through  soft¬ 
ware.  Latches  are  set  when  the  inputs  exceed  the 
threshold  and  remain  set  until  reset  by  the  computer 
interface.  The  latch  data  is  read  directly  as  dis¬ 
crete  inputs  to  a  computer  interface. 

The  analog  data  is  also  amplified  by  the  analog 
signal  conditioning  circuitry.  Then  the  analog  chan¬ 
nels  are  sequentially  sampled  by  the  A/D  and  multi¬ 
plexer.  The  sampling  process  is  initiated  by  either 
the  fiber  optic  trigger  or  a  software  generated  out¬ 
put  from  the  computer  interface.  This  data  is 
recorded  in  a  local  memory  for  a  period  of  approxi¬ 
mately  four  milliseconds.  This  data  is  then  trans¬ 
ferred  to  the  central  computer  system  through  the 
computer  interface. 


The  LCD  interface  is  composed  of  two  identical  64 
channel  sections,  providing  a  total  of  128  input 
channels.  The  number  of  channels  each  of  these  sec¬ 
tions  samples  is  software  programmable.  The  choices 
are  1,  8,  16,  .  .  .  56,  64  channels.  The  A/D  always 
samples  at  a  1  Mhz  rate,  so  as  more  channels  are 
selected,  the  slower  the  sample  rate  will  be.  For 
example,  if  one  channel  is  sampled  the  rate  is  1  Mhz, 
for  8  channels  the  rate  is  125  Khz,  and  for  64  chan¬ 
nels  the  rate  is  about  15.6  Khz.  The  fastest  natural 
frequency  for  our  pulsed  power  circuits  is  on  the 
order  of  2  Khz  so  even  the  slowest  sampling  rate  is 
sufficient  to  diagnose  them. 


Self  diagnostic  capability  is  provided  by  a  cur¬ 
rent  pulse  generator  which  sends  a  current  pulse 
through  all  of  the  current  transformers  under  com¬ 
puter  control  as  shown  in  Figure  3.  This  is  used  to 
check  the  latches  on  low  threshold  and  to  check  the 
data  sampling  and  recording  circuitry.  It  provides  a 
pulse  of  amplitude  and  duration  similar  to  the  low 
energy  flashlamp  circuit  current  pulse  generated  in 
the  preshot  testing  of  the  pulse  power  circuitry  and 

flashlamp- 


LCD  INTERFACE  C0NFI6URAT0N 
Figure  2 
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CURRENT  PULSE  SIMULATOR  FOR  SELF  DIAGNOSTICS 
Figure  3 


The  filtering  and  clamping  circuitry  is  shown  in 
Figure  4.  Its  major  function  is  to  protect  the  L'CD 
interface  from  damage  due  to  noise.  This  is  impor¬ 
tant  because  the  LCD  interfaces  are  mounted  in  racks 
next  to  the  ignitron  switches,  some  of  which  switch 
currents  on  the  order  of  100  kA.  The  series  resis¬ 
tors  provide  current  limiting  and  the  steering  diodes 
direct  the  current  limited  noise  to  ground  through  a 
coupling  capacitor.  Our  testing  has  shown  this 
arrangement  to  be  effective  in  preventing  damage  to 
the  LCD  Interface. 

Data  Processing 

Data  is  read  back  from  the  LCD  interface  to  the 
central  computer  system.  Here  data  will  be  handled 
in  several  ways.  Current  waveforms  can  be  displayed 


at  the  operator  console  for  human  Inspection  or  ana¬ 
lyzed  by  the  computer.  The  lamp  circuit  current 
waveforms  have  a  distinct  characteristic  shape, 
allowing  an  operator  to  easily  recognize  many  typical 
problems  with  the  pulse  power  system.  The  waveform 
analysis  routine  will  determine  whether  the  data  is 
in  limits  or  if  it  has  changed  since  the  last  time  it 
was  sampled.  The  waveform  data  will  also  be  placed 
in  a  file  which  can  be  archived  if  desired. 

The  latch  data  is  used  for  a  cursory  inspection 
of  the  pulse  power  system.  By  reading  the  latches  it 
can  be  determined  whether  the  lamp  circuits  fired  and 
whether  there  was  significant  current  in  the  reflec¬ 
tor  ground  or  pulse  power  ground  connection  from  the 
ignitron  switch  to  earth  ground.  Waveform  data  will 
provide  more  detailed  Information  if  a  problem  is 
detected. 

TI  1980  Laser  Program  Annual  Report,  LLNL,  Nova 

Power  Conditioning. 

2.  1981  Laser  Program  Annual  Report,  LLNL,  Nova 

Power  Conditioning. 
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Summwy 

This  paper  describes  the  analysis  and  design  of 
a  DC  power  supply  that  automatically  provides  the 
correct  filament  voltage  for  any  operating  beam 
current  in  a  magnetron.  Accurate  filament  control  is 
necessary  since  this  determines  the  cathode  operating 
temperature,  and  ultimately  the  cathode  life  of  the 
tube. 

Methods  are  described  for  filament  modeling, 
bifilar  resistance  compensation,  average  beam  cur¬ 
rent  sensing,  feedback  control,  and  tube/power  supply 
protection  circuits. 

Three  power  supplies  were  built  and  tested.  Two 
are  in  constant  use  at  transmitter  test  fixtures  for 
acceptance  testing  of  incoming  magnetrons.  The 
third  is  used  in  our  transmitter  laboratory. 

Introduction 

Control  of  cathode  temperature  is  achieved  by  a 
DC  power  supply  that  monitors  average  beam  cur¬ 
rent  and  produces  a  filament  voltage  in  accordance 
with  a  prescribed  heater  schedule.  This  schedule 
will  result  in  optimum  cathode  life. 

The  need  for  maintaining  accurate  cathode 
temperature  in  a  magnetron  will  now  be  reviewed. 

Note  that  the  following  applies  generally  to  all 
cross -field  devices. 

In  stand-by  operation  the  heater  must  bring  the 
cathode  temperature  above  a  minimum  value  that  will 
insure  a  space -charge  limited  region  that  can  allow 
magnetron  oscillation  without  arcing  and  possible 
cathode  damage  when  high  voltage  is  applied.1  This 
stand-by  temperature  must  at  the  same  time  be  kept 
below  the  value  that  would  cause  excessive  evapo¬ 
ration  of  oxide  material  from  the  cathode  during  long 
hours  of  stand-by  operation. 

When  the  magnetron  is  oscillating  the  cathode 
receives  additional  power  that  is  from  2  to  10  percent 
of  the  average  beam  power  due  to  back -bombardment. 
Since  back -bombardment  power  and  heater  power  are 
thermally  equivalent  the  overall  effect  is  to  increase 
cathode  temperature  and  cause  increased  oxide 
evaporation.  The  only  control  available  that  will 
restore  the  cathode  to  its  proper  temperature  is  to 
lower  heater  power  in  proportion  to  the  increase  in 
average  beam  power.  Normal  magnetron  operation 
requires  that  the  cathode  furnish  a  space -charge 
limited  current  density.  If  the  temperature  is  reduced 
too  far,  the  space -charge  region  will  be  depleted. 

This  results  in  a  higher  incidence  of  mode -skipping, 
poor  spectrum,  arcing  and  possible  cathode  damage. 
Therefore,  optimum  tube  life  and  performance 


requires  accurate  filament  control.  The  degree  of 
accuracy  required  depends  on  cathode  material  and 
design. 

The  task  of  providing  a  curve  of  filament  voltage 
versus  beam  power  belongs  to  the  tube  manufacturer.2 
The  heater  schedule  should  also  indicate  the  output 
load  conditions  on  the  magnetron  since  the  character¬ 
istics  of  the  load  affect  tube  performance.  Magnetron 
beam  power  depends  mainly  on  beam  current  since 
its  V-I  curve  is  similar  to  a  biased  diode.  Thus,  it  is 
convenient  to  present  the  heater  schedule  in  the  form 
of  filament  voltage  versus  average  beam  current. 

The  tube  manufacturer  obtains  this  curve  by  adjusting 
the  filament  voltage  to  achieve  a  specified  cathode 
temperature  (measured  by  an  optical  pyrometer)  at  a 
selected  average  beam  current.  A  typical  heater 
schedule  for  the  magnetron  used  in  our  system  is 
shown  in  Figure  1.  The  solid  line  represents  nominal 


Figure  1.  Magnetron  Heater  Schedule 

values,  and  the  dashed  lines  represent  upper  and 
lower  tolerance  limits  of  +  or  -  0. 75  volts.  There 
are  two  regions  in  this  curve.  The  first  is  a  plateau 
section  that  keeps  filament  voltage  constant  at  12. 0 
volts  from  0  to  2. 96  mA  of  beam  current.  The  second 
is  a  straight  line  segment  with  a  slope  of  -0.3377 
volts  per  mA  and  an  intercept  of  13. 0  volts.  This 
curve  is  described  in  equation  form  as: 

Vjr  =  voltage  at  filament  terminals 

IB  =  average  beam  current 
VF  *  12. 0  volts  ±0. 75V  0  i  IB  4  2. 96  mA  (1) 

Vp  =  13  -  3^75  Ib  2. 96  <  IB  27. 5  mA  (2) 

Compliance  with  the  heater  schedule  must  be  at 
the  magnetron  filament  terminals.  Thus ,  verification 
requires  floating  a  DC  voltmeter  since  the  filament  is 
at  a  pulsed  cathode  voltage  level  of  20  to  25  KV.  A 
floating  measurement  is  necessary  only  during  the 
design  and  validation  phase. 
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Regulation,  control  and  measurement  of  filament 
voltage  is  greatly  simplified  by  choosing  DC.  Circuit 
implementation  is  straightforward  and  field  mainte¬ 
nance  is  simple.  The  sections  that  follow  describe 
the  analysis  and  design  of  a  DC  supply  that  produces 
a  filament  voltage  In  accordance  with  Figure  1. 

Dan  an  Comidewtiom 

The  following  areas  were  addressed  in  the 
design  of  this  supply: 

e  Filament  V-I  modeling 

•  Bifilar  resistance  compensation 

•  Feedback  control 

•  Beam  current  sensing 

•  Tube/supply  protection 

•  Compliance  with  heater  schedule 

•  Compatability  with  existing  pulse  tank  package. 

Power  supply  requirements  that  were  met: 

•  Maintain  filament  voltage  throughout  a  +  or  - 
18%  AC  line  input  variation 

•  Provide  accurate  meter  output  indication 
of  average  beam  current 

•  Provide  a  single  field  adjustment  control  to 
compensate  for  bifilar  resistance  and  min/ 
max  filament  tolerance 

•  Maintain  low  AC  ripple  output 

•  Provide  filament  voltage  verification  test  points. 


wist  THAW  OMK* 
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Figure  2.  Filament  Supply 


Figure  2  shows  the  normal  method  of  supplying  filament 
voltage  while  simultaneously  applying  a  cathode  pulse 
of  20  to  25  KV  through  bifilar  windings  of  a  pulse 
transformer.  This  makes  the  task  of  complying  with 
a  heater  schedule  at  the  filament  terminals  difficult 
because  of: 

1.  The  bifilar  winding  resistance  (Rg,  1.0  to 

1. 1  ohms  cold,  in  our  case)  produces  a  considerable 
voltage  drop. 

2.  The  bifilar  resistance  increases  due  to  the 
temperature  rise  of  the  pulse  transformer  during 
pulsed  operation.  (Up  to  1.5  ohms  In  our  case. ) 

3.  The  filament  V-I  curve  in  the  region  of  oper¬ 
ation  cannot  be  interpreted  as  a  single  resistor. 


An  apparent  solution  to  1,  2  and  3  is  to  include 
the  bifilar  resistance  inside  a  negative  feedback  loop. 
Feedback  sensing  would  be  at  Vp,  resulting  in  a 
highly  stable  filament  voltage  regardless  of  Rg  or 
changes  in  filament  V-r  characteristics.  However, 
direct  feedback  from  Vf  must  provide  40  to  50  KV  of 
isolation,  remove  the  pulse  voltage,  and  pass  the  DC 
filament  voltage.  Thus,  direct  feedback  would  be 
difficult  to  implement. 

An  alternate  solution  is  to: 

1.  Mimic  the  characteristics  of  the  bifilar  wind¬ 
ing  and  filament  V-I  curve,  (i.e. ,  set  up  a  scaled 
circuit  with  a  one-to-one  correspondence  between 
circuit  elements  and  bifilar  winding  and  filament 
model. ) 

2.  Take  feedback  from  the  mimic  circuit  with 
the  power  supply  feeding  both  mimic  circuit  and 
bifilar/filament  in  parallel. 


Figure  3.  MIMIC  Model 


Refer  to  Figure  3.  If  scaling  and  modeling  are 
done  correctly,  the  voltage  Vf  at  the  filament  will 
match  Vf(M)>  the  voltage  at  the  filament  mimic  model 
The  overwhelming  advantage  of  this  configuration  is 
that  no  high  voltage  isolation  is  required,  circuit 
simplicity  is  maintained,  and  all  signals  are  directly 
referenced  to  ground. 

Figure  4  is  the  functional  block  diagram  of  a 
complete  filament  power  supply.  The  paragraphs  that 
follow  will  describe  the  modeling,  analysis  and 
practical  implementation  of  the  design. 

Filament  Modeling 

Eight  magnetrons  were  used  in  the  measurement 
of  filament  V-I  characteristics.  Data  was  taken  with 
the  magnetron  beam  power  on  and  off  over  the  fila¬ 
ment  range  of  3  to  12  volts  (standby).  The  beam  on 
condition  was  done  by  operating  at  a  selected  beam 


:jo 


Figure  4.  Power  Supply  Functional  Diagram 


current,  measuring  and  adjusting  for  the  correct 
filament  voltage  (Vf  per  Fig.  1)  and  recording  fila¬ 
ment  current,  Ip.  The  average  is  plotted  in  Figure  5. 


Figure  6  shows  the  equivalent  filament  model. 
The  equivalent  circuit  representing  the  "beam  on" 
condition  is  used  with  the  bifilar  resistance  model  to 
make  up  the  mimic  circuit. 
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Figure  6.  Filament  Model 


Three  key  items  are  immediately  apparent. 


Bifilar  Resistance  Modeling 


1.  Back -bombardment  power  also  affects  the 
filament  V-I  curve  in  this  magnetron. 

2.  Over  the  operating  range  of  3  to  12  volts  the 
data  plot  represents  a  good  straight  line. 

3.  The  curve  does  not  pass  through  the  points 
Vp  »  0,  Ip  »  0.  This  shows  that  an  equivalent  cir¬ 
cuit  cannot  be  only  resistive. 

A  least -squares  computer  program  was  used  to 
derive  the  intercept  and  slope  of  the  best  straight  line 
fit  to  both  sets  of  data.  The  result  in  equation  form  is: 

Ip  »  0. 564  +  0. 197  VF  (beam  on)  (3) 

Ip  =«  0. 808  +  0. 177  Vp  (beam  off)  (4) 

These  straight  line  equations  may  be  interpreted  in 
equivalent  circuit  form  as  a  resistor  in  series  with  a 
>ltage  source.  The  slope  of  the  straight  line  repre- 
•ints  the  reciprocal  of  the  series  resistor.  The  volt¬ 
age  source  can  be  found  by  setting  Ip  to  zero  and 
solving  tor  Vp. 


A  single  fixed  resistor  is  not  sufficient  to  model 
the  bifilar  winding  resistance.  Copper  wire  has  a 
linear  positive  temperature  coefficient  of  0. 393  percent 
per  degree  Celsius.  A  high  winding  resistance  and  a 
high  temperature  rise  in  the  pulse  transformer  could 
cause  an  increased  voltage  drop  which  must  be  compen¬ 
sated  in  order  to  stay  within  heater  schedule  tolerance. 

The  pulse  transformer  in  this  discussion  is  con¬ 
tained  in  a  small  oil  filled  tank  containing  the  pulse 
forming  network  and  other  components.  The  tank  is  a 
sealed  unit  and  any  temperature  sensing  must  be  done 
without  internal  additions  or  changes.  Thus,  any 
component  used  to  sense  and  compensate  for  the 
resistance  change  with  temperature  must  be  mounted 
on  the  surface  of  the  tank. 

Temperature  rise  measurements  of  the  bifilar 
winding  and  tank  surface  temperature  (at  the  sensing 
component  location)  showed  about  a  2  to  1  ratio. 
Specifically,  the  surface  temperature  rise  was  about 
half  the  internal  rise.  Therefore,  a  network  that  has  a 
linear  temperature  coefficient  of  twice  that  of  copper  is 
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required.  This  network,  when  mounted  on  the  tank  sur¬ 
face,  will  be  used  to  track  bifilar  temperature  changes. 

The  component  selected  for  temperature  compen¬ 
sation  is  a  Texas  Instruments  'sensistor",  a  positive 
temperature  coefficient  silicon  thermistor.  Its 
coefficient  of  0.  7  percent  per  degree  Celsius  is  so  near 
the  optimum  value  required  that  this  component  alone 
is  all  that  is  necessary  for  bifilar  temperature  compen¬ 
sation.  Other  coefficient  values  can  be  obtained  by 
designing  a  suitable  resistor -sensistor  network. 


(6) 

(7) 


By  selecting  VREE  as  a  negative  voltage  and  V-ppj  as 
a  positive  voltage,  the  power  supply  output  (Vps)  is 
found  by  combining  equations  (5),  (6)  and  (7): 


The  penalty  for  not  being  able  to  place  a  sensing 
element  in  direct  contact  with  the  pulse  transformer  is 
a  time  delay  fn  complete  temperature  compensation. 
This  is  the  result  of  the  thermal  time  constant  of  the 
tank.  The  effect  was  measured  and  found  not  sufficient 
to  cause  an  out -of -tolerance  filament  voltage.  Imple¬ 
mentation  on  other  systems  must  be  individually 
measured  and  analysed. 

It  is  now  possible  to  choose  a  resistance  scale 
factor  of  1 : 1000  between  the  bifilar,  filament  and  the 
mimic  circuit.  This  value  was  selected  because  the 
bifilar  resistance  is  1.  0  ohms  at  25°C ,  and  1000  ohms 
at  25°C  is  a  standard  value  sensistor.  Furthermore, 
a  1.  OK  resistance  level  represents  a  good  compromise 
between  a  high  value  that  is  susceptible  to  noise  pick¬ 
up  and  a  low  value  that  is  overly  dissipative. 


where  Vjh  is  the  Thevenin  voltage  at  Vj-(m)  produced 
by  Vi,  R3  and  R4.  R-pH  is  the  parallel  combination  of 
R3  and  R4.  Rt'  is  the  series  combination  of  the 
bifilar  equivalent  network  (Rx)  and  a  variable  resistor 
(Ra)  that  allows  a  small  adjustment  range  in  output 
voltage.  See  appendix  1  for  derivation  of  equations 
(5),  (6),  and  (7). 


Feedback  Control 


Now  that  the  mimic  model  components  have  been 
derived,  we  turn  our  efforts  to  circuit  implementation. 
Equation  2  is  the  expression  that  must  be  followed  for 
I3  >  2.96  mA.  This  straight  line  equation  suggests 
the  following: 

•  Convert  the  average  beam  current  into  a 
scaled  voltage. 

•  Sum  this  scaled  voltage  (proportional  to  beam 
current)  with  a  fixed  stable  reference  at  the 
summing  junction  of  an  operational  amplifier. 

By  correctly  choostng  the  scale  factor  and  reference 
polarity,  the  op-amp  output  will  be  inversely  pro¬ 
portional  to  beam  current  (Vre  jr  negative,  Vxpi 
positive).  The  plateau  section  of  the  heater  schedule 
is  produced  by  the  active  feedback  limiter  shown  In 
Figure  4.  Its  action  and  design  will  be  covered  in  sub¬ 
sequent  paragraphs.  Figure  4  shows  the  basic  design 
whereby  feedback  is  taken  from  the  junction  of  the 
mimic  components  that  represent  the  bifilar  resistance 
and  the  filament.  The  voltage  limiter  resistor  (R3)  and 
feedback  resistor  (Rrb)  cause  circuit  loading  so  the 
output/input  response  of  the  circuit  must  be  derived. 
The  assumptions  made  are:  The  summing  junction  is 
at  virtual  ground;  the  voltage  at  the  base  of  Qi  is  close 
to  ground:  and  Qi  Is  turned  off  (Iq  >  2. 96  mA).  Only 
the  necessary  components  for  analysis  are  shown  in 
Figure  7.  By  applying  superposition  it  can  be  shown 
that  the  output  response  (Vps)  to  each  of  the  three 
inputs  is: 


VPS  _ 

fRFB 

«T  / 

1  +  rfb\ 

VREF 

^/J 

(5) 


Figure  7.  Feedback  Design  Model 
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Figure  6.  Bifilar  and  Filament  Model 
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Based  on  knowing  equation  (2)  must  be  satisfied  at 
Vf,  another  expression  can  be  derived  that  sets  the 
requirements  for  Vps< 

Let  VF  =  13  "SO  lB  =  Vi  *  KIB  0) 

so  that  V{  is  the  intercept  voltage  and  K  is  the  slope  of 
the  straight  line.  Equation  (9)  (the  heater  schedule) 
must  be  followed  at  the  junction  of  the  bifilar  winding 
and  the  filament.  Refer  to  Figure  8.  By  using  super¬ 
position  the  power  supply  output  (Vpg)  required  to 
follow  equation  (9)  can  be  written  as  equation  (10). 

R  +  R  R 

Vps  (required)  =  (Vi  -  KIB)  +  V-£  (10) 

Now  coefficients  may  be  equated  and  design  values  can 
be  calculated. 


(From  (10))  (From  (8)) 


V 

VI  R 

=  VREF  (1  +  4h)  ^1 

(ID 

rb 

kib-1T 

(12) 

vi 

=  V  (M 

VREF  \  Rx  / 

(13) 

kib 

-  v 

VTPl  R2 

(14) 

v^5 
v  R 

Rt' 

=  VTH5^ 

(15) 

Multiplying  and  dividing  the  right-hand  side  of  (15): 


by 

rfb 

rth  +  rfb 

we  have 

v^S- 

rt' 

RFB  Rt’  (16) 

V  R  ‘ 

•  vTHRth"  vth 

rth  +  rfb  rth  rfb 

rth+  rfb 

Thus,  we  now  have  the  following  design  equations: 
f  rom  (13) 


From  (14) 


VI  =  VREF 


KIt 


G?) 

.(» 


From  (16) 


RB 

R 


RTH  rfb 
rth  +  rfb 


(17) 


From  (16) 


V  = 


FB 


TH  rth  +  rfb 


Voltage  Feedback  Limiter 


(18) 


The  plateau  section  of  the  heater  schedule  is 
obtained  by  the  action  of  the  voltage  limiter  section 
shown  in  Figure  4.  This  circuit  is  used  to  independently 
set  standby  filament  voltage ,  Vl  (Ib  <2.96  mA).  Qi 
starts  conduction,  and  thus  limiter  operation,  when 
the  base  voltage  reaches  the  cutin  value  of  0. 6  volts 
(Vgg)  l°r  a  silicon  transistor .3  Base  voltage  depends 
on  Vref.  Vp(M)»  and  the  values  of  R3,  R5.  Thus, 
the  value  at  which  limiting  action  begins  can  be  set  by 
Vref  and  R3,  R5.  Filament  mimic  voltage  (Vp(M)) 
becomes  the  controlled  value.  Actual  filament  voltage 
(Vf)  is  likewise  controlled  because  of  the  corre¬ 
spondence  between  mimic  and  actual  component  values. 

Diode  D3  protects  the  base -emitter  junction  of  Qi 
from  a  high  negative  voltage.  Diode  D2  is  used  to 
compensate  for  the  temperature  sensitivity  of  Vg£ , 
and  R3  limits  the  current  supplied  to  the  summing 
junction.  When  Qi  conducts,  it  supplies  whatever 
current  is  required  at  the  summing  junction  to  keep 
VF(M)  at  the  level  set  b;  Vref.  r3  and  R5.  To 
simplify  the  analytical  expression  for  the  limiting 
voltage  value,  consider  the  equivalent  input  combination 
of  Vref/r1  and  Vq-pi/R2  to  be  an  equivalent  resistor 
RlN  and  source  V^n- 


Where 

and 


R1R2 


IN  ’  Rj  +  R2 


V1N  =  RIN 


From  Figure  4  it  is  possible  to  write  by  inspection 

W'C 

Ig  =  emitter  current  of  Qj 
IE  =  01g 


/ VTP1  VREf\ 
\  r2  +  »1  / 

5  t 

•) 


IN  _  *  p 

HFB  XE  kfb 


(19) 


(20) 


By  solving  for  Ig  and  using  equations  (19)  and  (20)  the 
voltage  at  the  limit  value  is: 


V  - - s_ 

L  R-  +  /3R 


FB 


+  V. 


REF 


3  VD  '  R3  VBE  '  R2  VBE 


(21) 


where  Vp  is  the  voltage  drop  across  D2.  Equation 
(21)  can  be  approximated  to  be: 


R3 

V  =  V  —  +  V 
L  VREF  Rg  VBE 


(22) 


Hence,  the  plateau  voltage  can  be  set  independently 
by  proper  choice  of  Vref  and  the  ratio  R3/R5.  See 
appendix  2  for  the  derivation  of  Vp. 
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Beam  Current  Sensing 

The  function  of  converting  beam  current  pulses 
into  a  low  ripple,  linear,  scaled  voltage  at  TP1  is 
performed  by  Cl,  Dl,  R9,  RIO,  T1  and  an  active 
filter  shown  in  Figure  4. 

The  purpose  of  each  component  is: 

T1  A  current  transformer  with  a  one  turn  primary 
used  around  the  two  filament  leads  to  measure 
beam  current. 

01  Used  to  pass  only  the  negative  output  pulse 
from  Tl. 

R9  Limits  peak  diode  current. 

Cl  Bypass  capacitor  for  AC  component  of  pulse. 

RIO  Equivalent  input  DC  resistance  of  active  filter. 
(See  Figure  10  for  schematic  of  active  filter.) 

R7  Internal  transformer  shunt  resistor.  (Used  to 
prevent  high  voltage  across  the  secondary  if 
external  load  is  removed.) 


a  simple  DC  voltmeter  at  TPl. 


*7«« 

a 

I  ft  •  PIU  |UM  etMMRT 

>i  ■  »v«  Kia  camtar 
D • duty  factor 


>c.acct 

rC  ■  CHAaSC  TIM  COMTMT 
■[■■niaMULUian  «<• 
rj-C,  a,i 

r  0  •  MCHAaat  TIM  COWTMT 


Figure  9.  Diode  Detector 


R8  External  load.  (Total  external  AC  load  on  Tl 
is  R8  in  parallel  with  R9.) 

The  most  important  design  consideration  is  the  need 
for  a  linear  voltage  to  beam  current  relationship.  The 
equivalent  input  network  is  shown  in  Figure  9.  A  linear 
relationship  among  beam  current,  duty  factor,  and 
voltage  across  Rio  is  obtained  by  designing  for  a  small 
DC  voltage  across  Rio.  This  is  achieved  by  using  a 
long  charge  time  constant  and  a  short  discharge  time 
constant.  The  small  DC  component  of  current  flowing 
in  Figure  9  mustflow  through  Rio.  Referring  to 
Figure  9,  the  peak  diode  current  is: 


*D  = 


'PK 


R  ,  R?  R8 
9  R7+R8 


(23) 


and  the  average  DC  current  flowing  through  Riq  is 

simply:  ,  ,  _ 

*AVG  =  ID  x  d 


(24) 


D=  pulse  duty  factor 


RlO  is  made  part  of  a  conventional  two  pole  low -pass 
active  filter,  shown  in  Figure  10.  This  configuration 
provides  buffering  and  scaling  to  the  next  stage ,  as 
well  as  reducing  the  pulse  repetition  frequency  (PRF) 
ripple  at  the  output.  Using  the  assumption  of  a  virtual 
DC  ground  at  the  DC  summing  junction,  it  can  be  seen 
that  IavG  als0  mu8t  flow  thr0ligh  Ril-  Therefore,  the 
voltage  at  TPl  is: 


VTP1  =  !AVG  RU 
Iavg  ls  related  to  IB  by: 


(25) 


Figure  10.  Active  Filter 
Tube/Supply  Protection 

The  filament  must  be  protect  i;  m  high  inrush 
currents  at  turn  on  and  any  over»„  -gt  condition 
caused  by  a  power  supply  failure.  The  power  supply 
must  be  protected  from  any  high  amplitude  short 
duration  voltage  spike  arising  from  unbalance  in  the 
bifilar  winding.  Some  unbalance  is  expected  in  normal 
operation,  and  the  voltage  spikes  produced  can  upeet 
not  dr.;  ;  DC  feedback  and  regulation  of  the  power  supply 
if  left  -nsuppressed. 

Current  Foldback  Protection:  Limiting  the  maximum 
output  current  is  accomplished  in  this  supply  by  a 
conventional  foldback  circuit.  Its  action  is  to  allow 
normal  output  voltage  up  to  a  maximum  specified 
current.  Any  attempt  to  draw  more  current  (by 
lowering  the  load  resistance)  will  cause  the  output 
voltage  to  decrease  with  a  resultant  decrease  of  output 
current.  Figure  11  shows  foldback  action. 


_B 
N  R 


R7  Rg 


*  VD  D 


AVG 


(26) 


Hence,  Rh  can  be  selected  for  any  scale  factor  desired. 
In  this  design  1  mA  of  average  beam  current  will 
produce  0. 1  volts  at  TPl.  This  convenient  value  also 
allows  easy  average  beam  current  measurement  with 


Figure  11.  Foldback  Current  Limiting 
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The  benefit  of  current  foidback  is  reduced  power 
dissipation  in  the  output  transistors  under  short  cir¬ 
cuit  conditions.  Power  dissipation  is  limited  to  the 
product  of  unregulated  supply  voltage  and  short  cir¬ 
cuit  current  (Isc)>  Short  circuit  current  in  this  de¬ 
sign  was  chosen  to  be  1/3  of  the  maximum  limit 
value  resulting  in  a  3  to  1  reduction  in  dissipation  as 
compared  to  a  simple  current  limit  scheme.  Isc 
cannot  be  set  too  low.  The  inrush  current  will  drive 
the  supply  into  current  foidback,  and  output  voltage 
will  fall.'*  A  stable  point  at  a  low  filament  voltage 
would  occur  unless  Isc  supplies  sufficient  power  to 
heat  the  filament  and  raise  its  resistance.  Current 
foidback  protects  both  the  filament  from  high  inrush 
currents  and  the  power  supply  from  short  circuits. 
Power  supply  recovery  from  short  circuits  is 
immediate,  no  external  reset  is  necessary. 


A  simple  current  foidback  circuit  is  shown  in 
Figure  12.  Output  current  is  sensed  by  resistor  Rs. 
When  in  current  limit,  Qi  diverts  base  current  away 
from  the  pass  transistor  and  thus  reduces  output 
current.  Current  limit  (Imax)  1s  reached  when  the 
base -emitter  of  Qi  reaches  the  cutin  value  of  0.  6 
volts  (Vbe)-  IMAX  should  be  selected  from  1. 3  to 
1. 5  times  the  maximum  current  requirement  of  the 
filament.  This  is  necessary  because  regulation  be¬ 
comes  degraded  as  I^AX  ^  approached.  Under  short 
circuit  conditions  the  emitter  of  Qi  becomes  grounded 
and  the  voltage  drop  across  Rs  along  with  Ri,  R2 
determines  the  bias  to  Qi  and  the  final  foidback  cur¬ 
rent  Isc* 


Under  short  circuit  conditions  the  voltage  at  the 
emitter  of  Ql  is  zero: 

VE  =  O  (27) 

The  open  circuit  voltage  at  the  base  (Vb)  is : 

VB=  (*SCRs)  Rt  Vr2  (28) 

by  solving  equation  (27)  and  (28)  for  Igc  we  have: 


Under  current  limit  conditions  the  voltage  at  the 
emitter  of  Qj  is: 

V£  »  Vps  (30) 

(power  supply  output  voltage)  the  open  circuit  voltage 
at  the  base  of  Qj  is: 


t 


VPS  +  rMAX  Rs] 


R1  +  R2 


(31) 


solving  equation  (30)  and  (31)  for  Imax  have: 

/  ^BE  ^1  +  R2  \  ^PS  ®1 

using  equation  (29)  we  can  write  equation  (32)  as: 

VPS  R1 

*MAX  "  he  +  Rs  R2  (33) 
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Figure  12.  Overcurrent  Protection 


Overvoltage  Protection:  In  the  event  of  a  short  circuit 
between  collector  and  emitter  of  the  pass  transistor, 
the  filament  would  receive  full  unregulated  voltage 
which  could  be  twice  the  normal  value.  This  will 
destroy  the  tube  by  rapidly  evaporating  oxide  material 
from  the  cathode.  Consequently,  a  circuit  must  be 
included  that  will  monitor  output  voltage  and  eliminate 
overvoltage  to  the  filament.  If  a  false  activation  occurs , 
the  circuit  must  automatically  reset  after  a  prede¬ 
termined  time. 

A  555  integrated  circuit 5  is  used  for  voltage 
monitoring  and  timing.  When  activated,  the  555  turns 
on  a  transistor  connected  across  the  power  supply  out¬ 
put  for  a  period  of  10  seconds.  If  this  is  a  false 
activation,  the  supply  goes  into  foidback  limiting.  After 
10  seconds,  the  transistor  is  turned  off,  the  output 
voltage  is  monitored:  and  if  it  is  less  than  the  trip 
value,  normal  operation  resumes.  Otherwise,  an  actual 
pass  transistor  failure  results  in  a  fuse  opening  in  the 
unregulated  supply.  A  schematic  is  shown  in  Figure 
13.  The  555  is  connected  in  a  monostable  mode. 
Quiescent  conditions  are:  C2  charged  to  Vcc;  pin  3 
at  Vcc:  and  Q4  are  off.  The  threshold  for  com¬ 

parator  #1  is  set  internally  at  2/3  Vcc-  Input  above 
this  value  will  reset  the  flip-flop;  pin  3  will  go  low;  Qi 
will  turn  on.  C2  will  start  to  discharge  through  R4; 

Q4  will  turn  on  and  short  the  output.  The  input  to 
comparator  #1  is  a  fixed  percentage  of  the  output 
voltage  determined  by  Ri  and  R2.  The  overvoltage 
trip  point  (Vqv)  can  be  expressed  as: 


2 


vOV  =  3  VCC 


(=■£*) 


(34) 


Capacitor  C2  continues  to  discharge  until  it  reaches 
1/3  VCC/  determined  by  the  fixed  Internal  trigger 
value  of  comparator  #2.  When  the  voltage  across  C2 
reaches  1/3  Vcc.  U*  flip-flop  is  set,  Ql  and  Q4  turn 
off,  and  capacitor  C2  charges  rapidly  through  Di. 

The  time  (r)  that  Q4  remains  on  is  the  time  it  takes  for 
Cj  to  go  from  Vcc  to  1/3  Vcc  “*1  is  approximately: 


(35) 
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Figure  13.  Overvoltage  Protection 


Additional  Power  Supply  Protection:  Other  steps  were 
taken  to  insure  power  supply  survival.  The  first  was 
to  place  a  high  value,  high  voltage  capacitor  directly 
across  the  power  supply  output  terminals.  This  helps 
reduce  any  short  duration  high  amplitude  voltage  spikes 
from  upseting  the  feedback  loop.  Across  this  ca  - 
pacitor  is  a  General  Semiconductor  Industries 
"TransZorb".  The  breakdown  of  this  transient  voltage 
suppressor  is  selected  to  be  higher  than  the  over¬ 
voltage  trip  value.  Its  purpose  is  to  limit  the  maxi¬ 
mum  voltage  that  can  be  allowed  across  the  output 
terminals  in  the  event  of  a  high  energy  voltage  spike. 
Finally  a  reverse  biased  diode  is  connected  across  the 
pass  transistors,  (cathode  connected  to  unregulated 
input  anode  connected  to  power  supply  output).  This 
prevents  any  possible  reverse  voltage  from  appearing 
across  the  pass  transistors. 


Compliance  With  Heater  Schedule 


The  results  of  the  previous  sections  can  be  used 
to  determine  component  values.  Some  values  are 
arbitrarily  assigned  and  selection  depends  on  design 
experience  and  component  availability.  The  function 
of  this  supply  is  to  satisfy  equations  ( 1)  and  (2)  (a 
heater  schedule)  at  the  filament  terminals  of  a  tube. 
Listing  the  characteristics  and  requirements  of  the 
power  supply/filament  system,  as  shown  below  for  our 
system,  is  the  first  step  in  achieving  compliance. 

A)  Bifilar  resistance:  1. 0  ohms  at  25°C , 

To  +  0. 393%/°C 

B)  Filament  model:  R»  5.08  ohms 

V  *  2. 86  volts 


C)  Required  scale  factor  at  TP1: 

VTpl  =  0. 1  V/mA 

D)  Current  transformer  turns  ratio: 


N2  ~  M 
—  »  T  *  N 


Ni 


10 

T 


E)  Heater  Schedule:  VF  *  12. 0  volts  ±  0. 75V  (1) 

For  0  <  IB  <2.96  mA 

VF  *  13  -  sfe  lB  (2) 

For  2.96  <IB  <27.5  mA 


F)  AC  line  input  variation:  ±18?  from  115V 

G)  External  meter:  100  mA  movement, 

1. 33  K  ohm  meter  resistance 

H)  Adjustment  range:  Compensate  up  to  1. 0  V 

•  additional  loss  from  power 

supply  to  bifilar  windings. 

The  equations  in  the  feedback  control  and  beam  cur¬ 
rent  sensing  sections  determine  component  values  by 
matching  required  coefficients  to  circuit  derived 
coefficients.  An  example  will  clarify  the  procedure: 

Using  requirement  C  and  equation  (14)  at 
IB  =  27.  5  mA  we  have: 

VTpl  =  0. 1  ^  x  27.  5  mA  =  2. 75  V 

K-iO-“n 

(slope  of  heater  schedule  from  equation  (2)) 
Thus,  from  equation  (14): 

^tro 

0. 3377  x  27.5  =  2.  75 

«2 


RpB  can  be  arbitrarly  chosen  from  standard  values 
as  9.  09K  ohms.  Equation  (14)  is  solved  for  R2,  and 
equals  2.  692K  ohms.  This  resistor  can  be  the  series 
combination  of  a  standard  value  and  a  trimpot 
Equations  (13),  (17),  (18)  are  similarly  used  to 
compute  Ri,  RTH,  VTH-  Vref  is  arbitrary  but 
should  be  selected  from  available  temperature 
compensated  values  (6. 2V  was  used  in  this  supply). 

Rj'  is  made  up  of  a  sensistor  (RT)  and  a  variable 
resistor  (Ra).  Ra  allows  a  small  adjustment  in 
filament  voltage.  Equation  (22)  determines  the 
plateau  voltage  and  is  used  to  meet  requirement  E , 
equation  (1).  If  the  active  filter  of  figure  10  is  used, 
then  equations  (25)  and  (26)  can  be  used  to  find  the  DC 
feedback  resistor,  Hr.  Short  circuit  and  overvoltage 
protection  can  be  implemented  as  shown  in  Figure  12 
and  13  by  using  equations  (29),  (33),  (34),  (35). 

Test  Points  and  Metering:  Two  test  points  are  used  to 
determine  the  operation  of  the  supply  (TP1,  TP2). 

The  voltage  at  TP1  is  proportional  to  average  beam 
current.  In  this  design  the  scale  factor  chosen  is 
0. 1  V/mA.  This  value  makes  direct  reading  possible 
with  a  VOM  (i.e.  for  average  beam  current  equal  to 
20. 0  mA  the  voltage  at  TP1  is  2.0  volts).  A  perma¬ 
nently  installed  microammeter  is  used  in  our  system 
to  monitor  average  beam  current.  As  seen  in  Figure  4 
TP1  is  used  to  supply  current  to  this  meter.  The  full 
scale  reading  is  100  pA.  A  suitable  scale  factor  of 
0. 4  mA/nA  was  chosen.  Thus,  at  a  meter  reading  of 
60  hA  the  average  beam  current  is  60  mA  x  0. 4  mA/pA 
a  24. 0  mA,  this  corresponds  to  2. 40  volts  at  TP1. 

The  total  resistance  necessary  is  2. 4V/60  pA  «  4 OK 
ohms.  Since  the  meter  resistance  is  1.33K  ohms,  an 
external  38. 3  K  ohm  standard  value  resistor  was 
selected.  This  meter  is  used  to  monitor  average  beam 
current  without  the  need  for  an  oscilloscope. 

The  voltage  at  TP2  is  equal  to  the  filament  volt¬ 
age.  It  can  also  be  monitored  with  a  20,000  ohms/ 
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volt  VOM.  This  provides  a  convenient  check  of  power  Condution 

supply  operation  and  filament  voltage  monitoring. 

The  design  techniques  discussed  in  this  paper  have 

A  linear  series-pass  regulator  design  was  chosen  been  successfully  implemented.  Measurements  taken 
for  the  power  amplifier  section.  The  advantages  are  with  a  floating  DC  voltmeter  at  the  filament  terminals 
simple  straightforward  design,  low  EMI,  elimination  indicate  complete  satisfaction  of  the  heater  schedule 

of  thermal  cycling  in  transistor  junctions  and  high  in  Figure  1.  This  design  has  proven  extremely  useful 

reliability.  In  order  to  meet  the  ±16%  line  variation  in  acceptance  testing  of  magnetrons  since  it  auto¬ 
requirement,  while  maintaining  maximum  output  voltage  matlcaUy  supplies  correct  filament  voltage  for  any 
and  current  without  saturating  the  pass -transistor  beam  current  selected.  Field  use  of  this  supply  will 

system,  required  an  unregulated  supply  of  almost  twice  Increase  tube  life  by  continually  supplying  the  optimum 
the  maximum  output  voltage.  Efficiency  was  not  a  filament  power  for  long  cathode  life  over  all  conditions 
major  concern  for  our  application.  of  line  input  voltage  and  beam  current. 
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Appendix  1 


do— d  Loop  DC  Gain  Of  Powr  Amplifier  Section 

Refer  to  Figure  7.  Replace  R3,  R4,  Vi  with 
their  Thevenin  equivalent: 


R  .  rfbrt' 
th  rfb  +  rt’ 


(Al.  8) 


R3  R4 

rth  *  r3  +  r4 

(Al.  1) 

R3 

VTH  =  V1  R3  +  R4 

(Al.  2) 

The  power  supply  output  voltage  (Vpg)  as  a  function  of 
VREF>  VtpI.  Vq-H  and  resistor  elements  will  be 
derived.  A  virtual  ground  is  assumed  at  the  summing 
junction.  Therefore,  the  sum  of  the  currents  at  the 
summing  junction  must  be  zero: 

*1  +  *2  +  !fb  =  0 

(Al.  3) 

IFB  =  -d1  +  I2) 

(Al.  4) 

r  VREF 
h-  R, 

(Al.  5) 

(A  1.6) 


Superposition  is  used  to  find  IFB  caused  by  Vpg  and 
Vth-  (With  VtH  set  to  zero. ) 


From  (Al.  11)  the  output  due  to  V_.H  (VREF  »  0, 
VTP1  '  0)  is: 


rt'  (RFB  +  RTH)  +  RFB  rth 


(Al.  12) 


Figure  Al.  1. 


RTH  ^RFB  +  RT  ^  +  RFB  rt 


P^.  =  _L.  (Al.  13) 

VTH  kTH 

From  (Al.  11)  the  output  due  to  VREp  (V_H  =  0, 

VTpl  =  0)is: 


VPS 

rfb 

, ,  "raV 

(A  1.7) 

VR£F 

.  R1 

R1 

"rail 

From  (Al.  11)  the  output  due  to  VTpl  (VREF  *  0, 


Vth  =  °)  is 


VPS 

VTP1 


rfb  rt’  /  rfb\ 


(A  1.15) 


Figure  Al.  2. 


Appendix  2 


Fudheck  Vgjttg  Limiter 


Refer  to  Figure  4.  Replace  V0_,p/Ri  and 
VTPi/R2  with:  REP 


,  .  _FB  v  R 

'f(M)-*rin  vin  kfb" 


VF(M)  VREF 


R-  R2 

RIN=R^TR;and 


R3  VD  *  R3  VBE  *  R5  VBE 


(A2. 1) 


’  V^,  vc 

l2  “1 

The  output  voltage  at  VF^  can  be  written  by  inspection: 
'IN 


F(M)  =  R, 


] 

J!® _  ('IlM.  v  ) 

+  *rfb  l  rin  IN/ 


(A2. 10) 


R3  R5 


»4p-v. 


vf<m>--(s^rfb*ierfb)  <42-3' 

The  following  two  approximations  are  used: 


%  *«B 


<A2.  4) 


r  VTH  VBE 

IB  - - 5 - 

kTH 


(A2.5) 


VTH  1  VjJMR3  If/"  ~D  R5  +  VD  -  VREF  (A2. 6) 


R3  R5 


(A2.  7) 


th  r3  +  r5 
Using  (A2.  7)  and  (A2. 6)  in  equation  (A2. 5)  gives: 

-■^3V^:!D-R^V0-VHEF-VBE 

Ir-  ITST - (A2- 8) 

R3+R5 


r3  +  *RFB  R5  REF 


(A2. 11) 


0R. 


R3  +  SRFB  "~FB 


R3Vp-R3VBE-R5  VBE 
R3  R5 


The  summing  junction  is  at  virtual  ground.  Iq  will  be 
found  and  substituted  in  equation  (A2. 4)  and  (A2. 3). 
Base  current  is  calculated  by  solving  for  the  Thevenin 
equivalent  voltage  and  resistance  presented  to  the  base 
of  Ql. 


For  0  large  and  VD  =  V0E  (A2. 11)  becomes: 


VF(M)  =  VREF-^-+  Vgg 


(A2. 12) 


Thus,  Vf(M)  will  have  a  maximum  value  given  by 
(A2. 12). 
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„  VF(M)  VREF  R3  VD  '  (R3  +  R5>  VBE 

'b  =  *3  K5"*  + - - 


Using  equations  (2. 4)  and  (2. 3): 


Notice 

(A2.9)  This  design  has  been  proposed  to  the  U.S.  Navy 

for  use  in  a  FCS  program.  This  does  not  imply 
approval,  recommendation  or  support  at  magnetron 
filament  control  by  the  U.S.  Navy  in  its  programs. 
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A  95  GHZ  GRIDDED  EIO  TRANSMITTER 
WITH  NANOSECOND  PULSE  WIDTHS 


J.  Bajda,  S.  Brody 

Norden  Systems,  Inc.,  United  Technologies  Corporation 
Norwalk,  CT 


Summary 

This  paper  describes  the  requirements, 
design  approach,  and  test  results  for  a  95 
GHz  transmitter,  using  a  Varian  VKB244ST1 
gridded  Extended  Interaction  Oscillator 
(EIO) .  The  transmitter  is  being  developed 
for  an  airborne  radar  system  application. 

To  minimize  RP  losses,  the  EIO  with  its 
associated  pulse  circuitry  will  be  mounted 
on  a  scanning  antenna/microwave  assembly. 

A  modulator,  using  a  single  planar 
triode  driving  a  pulse  transformer,  has 
been  designed,  built,  and  integrated  with 
the  EIO.  Clamp  circuitry  maintains  grid 
pulse  top  flatness  to  minimize  intrapulse 
and  interpulse  amplitude  and  frequency 
variations  of  the  EIO  RF  output.  The 
modulator  provides  the  EIO  with  a  3kv  grid 
pulse  from  a  floating  deck  at  a  cathode 
potential  of  -20kV.  Operation  of  the  EIO 
at  RF  output  pulses  continuously  adjustable 
from  10  nsec  to  400  nsec  at  PRFs  to  10  KHZ 
and  a  peak  output  power  of  1.4  kW  at  95.0 
GHz  has  been  achieved.  RF  leading  and 
trailing  edge  transition  times  were  4  nsec 
and  10  nsec  respectively.  No  significant 
frequency  spectrum  degradation  was  observed 
for  EIO  RF  output  pulses  of  80  nsec  and  400 
nsec.  With  a  typical  frequency  sensitivity 
of  60  KHz/vol t  for  the  £10  cathode  to  body 
voltage,  data  is  shown  indicating  the 
feasibility  and  limits  for  producing  a 
frequency  excursion  of  €0  MHz  at  60  Hz  rate 
by  modulating  the  power  supply  providing 
this  voltage. 


Introduction 


Table  1  summarizes  requirements  for  the 
95  GHz  transmitter.  The  gridded  EIO 
provides  a  peak  output  power  in  excess  of 
0.8  kW  at  a  duty  cycle  of  0.005  over  a 
mechanical  tuning  range  from  93  GHz  to  96 
GHz.  Peak  output  power  at  95.0  GHz  is  1.4 
kW  at  a  cathode  voltage  of  -20.0  kV  and  a 
beam  current  of  0.64  amperes.  An 
electronic  tuning  range  of  200  MHz  about 
95.0  GHz  can  be  obtained  by  varying  the 
cathode  voltage  from  -17.0  kV  to  -20.0  kV. 
Peak  output  power  drops  with  a  reduction  of 
the  cathode  voltage  from  the  maximum  power 
point  at  -20.0  kV. 

Table  1. 


Frequency 
Output  Power 
Pulse  Width 
PRF 

Spectrum  Main 
Lobe  Width 
Spectrum  First 
Sidelobe 

Frequency  Agility 

Volume 

Weight 


95.0  +  0.3  GHZ 
1000  W  minimum 
80  and  400  nsec 
7.5  KHz 
<1.1  (2/pulse 
width) 

-10  dB  maximum 

40  MHz  minimum 
60  Hz  rate 
130  cu.  in. 

<10  lbs. 


The  EIO  generates  RF  output  when  its 
aperture  grid  is  pulsed  from  a  -3  kv  bias 
voltage  (relative  to  cathode  voltage)  to 
cathode  voltage.  The  leading  edge  of  the 
EIO  RF  output  is  delayed  relative  to  the 
leading  edge  of  the  grid  pulse.  The  EIO 
generates  RF  output  for  approximately  the 
top  40%  of  the  trailing  edge  voltage 
excursion  of  the  grid  pulse.  Although 
difficult  to  instrument  accurately, 
observations  on  the  trailing  edge  of  the 
EIO  RF  output  indicated  appreciable 
frequency  departure  from  the  frequency 
corresponding  to  the  flat  top  of  the  grid 
pulse.  Grid  capacitance  is  25  pF. 

Figure  1  shows  a  photograph  of  the 
antenna  mounted  assembly  consisting  of  the 
gridded  EIO,  grid  modulator,  and  cathode 
high  voltage  pulse  components. 

Approximately  half  of  the  allocated  130 
cubic  inches  is  occupied  by  the  EIO  and  the 
fan  cooling  the  EIO  collector.  Weight  of 
the  assembly  is  8  pounds.  Voltages  to  the 
EIO  and  grid  modulator  are  provided  by  a 
power  supply  assembly  located  off  the 
antenna  platform. 


-  H-~-; 


Figure  1.  95  GHz  Gridded  EIO  Transmitter/ 

Modulator 

95  GHz  Transmitter  Design  Approach 

Presented  in  Figure  2  are  details  of 
the  chosen  design  approach  in  order  to  meet 
the  requirements  listed  in  Table  1.  High 
voltage,  nanosecond  pulses  with  a  pulse 
amplitude  of  3.0  kv  are  generated  by  gating 
the  grid  of  an  EIMAC  8940  triode  VI  from  a 
cutoff  voltage  of  -100  volts  to  a  grid 
drive  voltage  of  +50  volts.  Pulse  width  of 
the  triode  grid  pulse  determines  EIO  RF 
output  pulse  width.  Grid  pulses  to  the 
triode  are  provided  by  a  simple  FET  drive 
circuit.  Pulse  transformer  Tl,  having  a 
1:1  turns  ratio,  provides  high  voltage 
isolation, inverts, and  couples  the  3.0  kv 
pulse  onto  the  floating  deck  at  cathode 
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ANTENNA  MOUNTED  GRIODED  ElO  TRANSMITTER /MODULATOR 


Figure  2.  Gridded  EIO  Transmitter  Design  Approach 


potential.  During  the  interpulse  period, 

-3  kv  bias  is  provided  to  the  EIO  grid 
through  the  secondary  winding  of  pulse 
transformer  Tl.  High  speed  diode  clamp  CR2 
shapes  the  natural  oscillatory  response 
Introduced  by  the  pulse  transformer  leakage 
Inductance  and  the  parallel  combination  of 
pulse  transformer  winding  capacitance  and 
EIO  grid  capacitance.  Resistor  R2  enhances 
grid  pulse  trailing  edge  transition  time  so 
as  to  obtain  an  acceptable  trailing  edge 
transition  time  on  the  EIO  RF  output 
without  excessive  power  dissipation. 
Backswing  voltage  is  limited  by  the  series 
combination  of  diode  CRl  and  resistor  Rl. 

The  remote  power  supply  assembly 
provides  the  EIO  with  cathode,  grid  bias, 
and  heater  voltages  and  the  triode  with 
plate  voltage  via  a  high  voltage  cable 
assembly.  In  addition,  miscellaneous  low 
voltages  and  a  variable  width  modulator 
gate  pulse  are  supplied  to  the  grid 
modulator  circuitry.  The  output  of  the  EIO 
cathode  power  supply  is  capable  of 
generating  a  voltage  excursion  of  1000 
volts  peak-to-peak  at  a  60  Hz  rate  when 
supplied  with  a  low  voltage  programming 
Input. 

Beam  current  for  the  EIO  is  supplied  by 
pulse  capacitors  C2  and  C3.  Capacitor  C2 
supplies  body  current  and  capacitor  C3 
supplies  collector  current  with  isolation 
provided  by  resistor  R5.  With  a  ratio  of 
approximately  10  to  1  for  collector  to  body 
current,  voltage  droop  on  the  cathode-to- 
body  voltage  is  reduced  without  the 
necessity  of  an  increased  value  for  cathode 
energy  storage  capacitance.  Resistor  R5 
ninlmizes  peak  currant  and  absorbs  energy 
in  case  of  an  EIO  arc  or  a  breakdown  in 
insulation  of  e  component  floating  at 
cathode  potential. 


Grid  Modulator  Design 

The  effects  of  leakage  inductance  in 
the  high  voltage  pulse  transformer  and 
stray  capacitance  in  the  high  voltage  pulse 
transformer  and  EIO  grid  are  minimized  in 
the  design  approach  presented  in  Figure  2. 

A  discussion  of  circuit  parameters 
affecting  the  front  edge,  top  of  pulse,  and 
trailing  edge  response  of  the  grid 
modulator  output  pulse  follows. 

(Ref.  1,2) . 

Figure  3  shows  a  simplified  equivalent 
circuit  of  the  parameters  affecting  the 
front  edge  response  of  the  pulse, 
parameters  affecting  the  front  edge 
response  are  triode  plate  resistance  Rp, 
pulse  transformer  leakage  inductance  LL  , 
and  the  parallel  capacitor  combination  C  of 
pulse  transformer  winding  capacitance  and 
EIO  grid  capacitance.  Presented  in  Figure 
4  is  a  set  of  curves  showing  the  output 
voltage  versus  oscillation  period  T  of  the 
circuit  for  different  damping  factors  k 


where 

L  »  Zn-^i^c 

(1) 

and 

k  *  Rp/2 

(2) 

Low  damping  factors  k  result  in  faster 
transitions  to  the  steady  state  output 
voltage  but  with  a  more  significant 
oscillation  about  this  voltage.  Clamping 
the  output  with  diode  CR2  results  in  an 
output  pulse  with  a  flat  top  when  pulse 
amplitude  reaches  bias  voltage.  A  fast 
leading  edge  transition  is  obtained  for  a 
circuit  with  low  damping  factor  k.  As  can 
be  seen  by  examining  equation  (2) ,  higher 
values  of  pulse  transformer  leakage 
inductance  (inherent  In  a  transformer 
insulated  to  withstand  26  kV)  result  in  a 
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Figure  3.  Simplified  Circuit  for  Front 
Edge  of  Pulse  Response 


OSCILLATION  PERIOD 


Figure  4.  Front  Edge  of  Pulse  Raapoaaa 
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Figure  S.  Simplified  Circuit  for  Top  of 
Pulse  Response 


lower  damping  factor  k.  Quicker 
transitions  to  the  clamping  voltage  result. 

Figure  S  shows  a  simplified  equivalent 
circuit  of  the  parameters  affecting  the  top 
of  the  pulse  performance.  Triode  plate 
voltage  is  set  higher  than  EIO  grid  bias 
voltage  so  as  to  forward  bias  diode  CR2 . 
Triode  plate  current  provides  pulse 
transformer  magnetizing  current  and  forward 
bias  current  to  diode  CR2.  A  pulse  with  a 
flat  top  appears  across  the  input  of  the 
pulse  transformer.  The  modulator  output  is 
clamped  to  cathode  voltage.  Pulse 
amplitude  is  determine  by  EIO  grid  bias 
voltage.  With  the  triode  operated  in  the 
linear  region,  fluctuations  in  the  triode 
plate  voltage  due  to  line,  load,  and  ripple 
variations  are  attenuated  by  the  divider 
action  of  the  triode  plate  resistance  Rp 
and  the  low  resistance  of  forward  biased 
diode  CR2,  shunting  the  output. 


With  approximate  values  of  200  ohms  for 
the  triode  plate  resistance,  20  uH  for  the 
pulse  transformer  leakage  Inductance,  and 
35  pF  for  total  stray  capacitance, 
unclamped  oscillation  period  T  and  damping 
factor  k  are  170  nsec  and  0.13  respectively 
for  the  modulator  design  of  Figure  2  with 
EIO  grid  load.  Clamping  of  the  grid  pulse 
occurs  after  a  leading  edge  transition  time 
of  40  nsec.  This  is  consistent  with 
information  shown  in  Figure  4.  Circuits 
with  low  damping  factors  k  rise  to  a 
normalized  output  voltage  of  1.0  in  a 
quarter  of  the  oscillation  period  T. 

Figure  6  shows  a  simplified  equivalent 
circuit  of  the  parameters  affecting  the 
trailing  edge  response  of  the  pulse. 
Discharge  of  the  stray  capacitance  C  occurs 
through  the  parallel  combination  of  pulse 
transformer  pulse  inductance  (at  the  end 
of  pulse)  and  resistor  R2.  Suitable  EIO  RF 
fall  times  were  obtained  with  resistor  R2 
dissipating  15  watts. 


Figure  6.  Simplified  Circuit  for  Trailing 
Edge  of  Pulse  Response 


EIO  Transmitter/Modulator  Test  Results 

presented  in  Figure  7  are  photographs 
of  the  EIO  grid-to-body  voltage  and  the 
resulting  detected  RF  output  pulse  at  pulse 
widths  of  80  nsec  and  400  nsec  for  the 
modulator  design  of  Figure  2.  A  slight 
tilt  is  discernible  on  the  EIO  grid-to-body 
voltage  at  the  wide  pulse  width  due  to 
discharge  of  the  cathode-to-body  energy 
storage  capacitor.  The  leading  edge  of  the 
EIO  RF  output  exhibits  a  20  nsec  delay 
after  the  grid  has  been  clamped  to  cathode 
potential.  RF  leading  edge  transition  time 
is  less  than  4  nsec.  Leading  edge  jitter, 
inherent  in  the  EIO,  is  on  the  order  of  2 
nsec  peak-to-peak  at  a  fixed  cathode 
voltage.  RF  trailing  edge  transition  time 
for  the  narrow  pulse  width  is  10  nsec.  EIO 
RF  output  pulses  as  narrow  as  10  nsec  were 
obtained  by  reducing  the  width  of  the  grid 
pulse  to  the  8940  triode. 

Spectrum  measurements,  using  the  setup 
of  Figure  8,  were  conducted  by  mixing  a 
sample  of  the  EIO  RF  output  pulse  with  the 
CW  RF  output  from  a  mechanically  tuneable 
oscillator.  The  tuneable  oscillator  was 
set  so  as  to  obtain  a  beat  frequency  in  the 
order  of  50  HHs  at  the  output  of  the 
balanced  mixer.  The  spectrum  was  displayed 
on  a  HP  8S6SA  spectrum  analyser. 

As  shown  in  Figure  9,  no  significant 
degradation  in  main  lobe  width  or  sldelobe 
level  was  measured  for  the  EIO  RF  output  at 
pulse  widths  of  80  nsec  and  400  nsec.  Main 
lobe  width  was  2/  (pulse  width)  for  both 
pulse  widths.  Maximum  sldelobe  level 
(first  sldelobe)  was  12 

dB  below  the  peak  of  the  main  lobe  for  the 
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Figure  7.  EIO  Grid-to-Body  Voltage  and  Detected  RF  pulses 
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Figure  8.  95  GHz  Pulsed  RF  Spectrum 

Measurement  Setup 


400  nsec  pulse.  Maximum  sidelobe  level 
(first  sldelobe)  was  11  dB  below  the  peak 
of  the  main  lobe  for  the  80  nsec  pulse. 
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Frequency  Agility  Modulation  Voltage 

As  shown  In  Figure  10,  cathode  power 
supply  modulation  is  implemented  by 
introducing  a  low  level  modulation  input  at 
the  voltage  reference  port  of  the  voltage 
error  amplifier.  A  sine  wave  modulation 
input  of  180  mV  peak-to-peak  at  a  60  Hz 
rate  results  in  an  output  voltage  excursion 
of  1000  volts  peak-to-peak  with  no 
significant  distortion.  Due  to  bandwidth 
limitations  in  the  power  supply,  the  output 
modulation  lags  the  input  by  25  degrees. 

The  EIO  exhibits  increasing  RF  leading 
edge  delay  as  the  cathode  voltage 
approaches  the  value  resulting  in  maximum 
output  power.  To  minimize  RF  leading  edge 
delay  variation  with  frequency  agility,  the 
cathode  voltage  excursion  of  1000  volts 
peak-to-peak  is  centered  at  a  nominal 
voltage  of  -19.0  kV.  A  cathode  voltage 
excursion  from  -18.5  kv  to  -19.5kV  produces 
a  frequency  excursion  of  60  MHz,  an  output 
power  variation  of  1.3  dB,  and  an  RF 
leading  edge  jitter  of  9  nsec  on  the  EIO  RP 
output.  Radar  system  requirements  can 
tolerate  this  level  of  jitter  in  the 
frequency  agile  mode  of  operation. 
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Pigure  10.  Cathode  Power  Supply  Modulation 


Conclusion 

Simple  circuit  techniques  have  been 
utilized  to  design  a  modulator  resulting  in 
successful  operation  of  a  95  GHz  gridded 
CIO  with  nanosecond  RF  pulse  widths. 

Pulsed  RF  spectrums  of  nanosecond  pulses 
approaching  a  sinx/x  shape  have  been 
measured.  The  limited  size  and  weight  of 
the  ElO/modulator  combination  make  it 
suitable  for  mounting  on  a  scanning  antenna 
platform.  Sine  wave  voltage  excursions  of 


1000  volts  peak-to-peak  at  a  60  Hz  rate 
have  been  obtained  by  supplying  the  EXO 
cathode  power  supply  with  a  low  voltage 
programming  input  at  the  same  rate. 
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ABSTRACT 


Modern  millimeter  wave  radar  and  ECM  systems 
require  high  power  output  pulses  with  rise  times 
of  the  order  of  nanoseconds,  thus  imposing  severe 
performance  and  size  constraints  on  the  modulator 
for  mobile  platform  aoplication.  To  meet  these 
fast  rise  times  at  frequencies  below  I/J  band 
various  gridded  gun  designs  are  used.  But  for 
frequencies  above  I/J  band  high  mu  gun  design 
using  conventional  gridded  guns  becomes  difficult 
if  not  impossible.  For  hiqh  frequency,  low  vol¬ 
tage  modulators,  fast  rise  time  applications, 
gridded  gun  desiqns  can  be  achieved  using  a 
method  in  which  the  intercepting  grid  sets  di¬ 
rectly  an  the  cathode  surface  supported  by  an 
insulator  between  the  focus  grid  and  the  control 
grid.  This  method  is  called  the  bonded  or  in¬ 
tegrated  grid  cathode  technique. 

The  bonded  grid  cathode  approach,  because  it 
operates  at  cathode  temperature  and  also  effecti¬ 
vely  shields  a  significant  portion  of  the  cathode 
area,  places  severe  operating  constraints  on  the 
cathode.  The  nature  of  these  constraints  and  how 
they  affect  gridded  gun  design  will  be  discussed. 
The  advantages  of  the  bonded  grid  gun  design  con¬ 
cept  and  various  approaches  to  achieve  a  bonded 
grid  electron  gun  is  presented.  The  design  of  a 
bonded  grid  gun  for  a  95  GHz  EIA  is  presented  and 
the  effect  '*■'  the  optimum  grid  design  on  modula¬ 
tor  power  requirements,  size  and  weight  are  also 
presented.  The  factors  that  determine  the  opti¬ 
mum  grid  design  such  as  grid-cathode  interface, 
output  power  and  cathode  current  density  will 
also  be  discussed. 


Introduction 


Electronic  counter  measure  (ECMJ  and  advance 
surveilance  and  target  acquisition  radars  for  mi¬ 
litary  system  require  high  power  output  pulses 
with  rise  times  of  the  order  of  nanoseconds. 
Rise  times  of  the  above  magnitude  impose  severe 
performance  requirements  on  both  the  modulator 
and  the  amplifier  tube.  To  add  to  the  modulator 
and  tube  designer’s  problems  in  many  of  these 
application  such  as  mobile  platform  system  there 
exist  size  and  weight  constraints  which  must  be 
met.  With  state-of-the-art  voltage  modulation 
capabilities,  fast  risetimes  are  achieved  in 
linear  beam  amplifiers  by  designing  electron  guns 


with  one  or  more  grids.  While  the  inclusion  of 
these  grids  in  electron  guns  have  made  the  modula¬ 
tor  design  easier  they  have  increased  the  design 
complexity  of  the  tube,  its  overall  cost  due  to 
reduced  production  yields  and  their  susceptibility 
to  damange  (vs  modulation  by  cathode  pulsing)  in 
system  application. 

Fabrication  of  high  mu  gridded  guns  at  fre¬ 
quencies  up  to  I/J  band  has  become  fairly  routine. 
For  frequencies  above  I/J  band  production  fabric¬ 
ation  of  high  mu  guns  is  very  difficult  because  of 
the  small  grid  sizes  and  the  tight  tolerance  re¬ 
quired.  At  I/J  band  or  above  very  few  production 
tubes  are  fabricated  with  a  shadow  gridded  gun  be¬ 
cause  of  the  difficulty  in  building  these  guns  at 
frequencies  above  ten  GHz  and  maintaining  the 
tight  tolerances  required  for  good  beam  optics. 

Therefore  at  frequencies  above  I/J  band  if  the 
mu  required  by  the  modulator  to  meet  the  size  and 
weight  contraint  of  mobile  platform  systems  such 
as  RPV’s  and  tank  radar  systems  are  to  be  met  con¬ 
ventional  grid  structures  such  as  shadow  grids  are 
no  longer  adequate. 

Since  these  guns  will  be  used  at  millimeter 
wave  frequencies  in  high  power  linear  beam  tubes 
they  must  not  only  be  self-spacing  but  they  must 
have  a  reasonably  high  mu  to  reduce  the  modulator 
voltage  required  for  pulsed  applications.  To 
achieve  the  required  mu  these  gridded  guns  must 
have  a  small  enough  mesh  and  grid  size  in  addition 
to  a  smaller  cathode  to  grid  spacing.  This  would 
enable  substantial  reduction  of  the  required  grid 
voltage  swings  and  attainment  of  the  nanosecond 
switching  speeds  required  for  these  system.  In 
the  proper  design  of  these  gridded  gun  structures 
a  compromise  between  the  best  tube  performance 
(beam  optics)  and  modulator  requirement  must  be 
made.  When  the  proper  choice  of  grid  cell  dimen¬ 
sions  and  grid  sizes,  as  well  as  cathode  grid 
soacings  are  made  significant  savings  in  modulator 
power  requirement  and  therefore  modulator  size  and 
weight  can  be  made.  Design  consideration  in  the 
selection  of  the  optimum  choice  of  gridded  gun 
will  be  discussed  along  with  the  impact  of  the  ca¬ 
thode  on  the  optimum  bonded  grid  gun  design. 
Modulators  power  requirements  for  state-of-the-art 
95  GHz  EIA  will  be  compared  to  the  modulator  power 
requirements  for  a  bonded  grid  EIA. 
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Oesign  Consideration 

The  95  GHz  Extended  Interaction  Amplifier^ 
(EIA)  developed  by  Varion  Canada  is  a  cathode 
pulsed  linear  beam  device.  The  relevant  tube 
design  specifications  are  given  in  table  1.  The 
energy  W  required  by  the  modulator  to  charge  the 
cathode  capacity  is  defined  by  the  following  equ- 
ation^’  J 

U-l/2  CVp2 

where 

W*Energy  required  to  charge 
the  cathode  capacity 

C«capacitance  of  device 

Vp*pulse  voltage 

The  energy  required  to  charge  the  tube  capa¬ 
city  after,  substituting  the  value  in  table  I  is 
2.16  X  10'J  joules.  At  a  pulse  repetition  rate  of 
2.5  X  105  PPS  the  power  required  from  the  modula¬ 
tor  is  540  watts.  Since  the  tube  ;s  only 
delivering  power  for  only  2.5  kV  of  the  12  kV  mo¬ 
dulating  pulse  it  is  this  2.6  kV  which  must  be 
covered  in  the  specified  rise  time.  Assuming  a 
constant  current  source  the  current  required  by 
the  modulator  is  given  by  . 

I  *  CXV 

where 

V  *  voltage 

t  *  risetime 

c  »  capacitance  of  EIA 

substituting  the  values  for  c,  V  and  t  from  table 
1  into  the  equation  we  get  a  current  of  I  *  3.9A 
required  from  the  modulator.  Comparing  these 
with  the  power  requirements  of  the  tube  to  pro¬ 
duce  RF  power  which  is  126  watts  and  0.6A  it  is 
apparent  that  approx imat ley  four  times  as  much 
power  is  needed  to  switch  the  tube  as  is  needed 
to  actually  produce  RF  power.  The  modulator  must 
also  be  capable  of  delivering  seven  times  as  much 
current  as  the  tube  needs. 

For  mobile  platform  systems  there  is  a  size 
and  weight  constraint  on  the  modulator  of  2  Kg  or 
less  and  a  volume  of  400  cm.  To  achieve  these 
Size  and  weight  constraints  and  meet  the  fast 
switching  requirements  of  these  tubes  for  high 
frequency  applications  is  beyond  the  present 
state-of-the-art  of  modulator  design  .  Looking 
at  equation  1  the  obvious  solution  is  either  to 
significantly  reduce  the  charging  capacitance 
which  is  difficult  or  reduce  the  switching  vol¬ 
tage  requirements  which  can  be  done  if  a  gridded 
gun  is  used  rather  than  a  cathode  oulsed  gun. 
Fabrication  of  gridded  guns  at  95  GHz  is  extre¬ 
mely  difficult  because  of  the  critical  spaeings 
and  tolerance  constraints.  Because  of  the  above 
constraints  and  the  desire  to  make  the  gun  a  low 


voltage  non- intercepting  gridoed  gun,  approaches 
such  as  the  modulating  anode,  center  post  control 
and  negative  grid  approach  are  eliminated  because 
they  can  not  meet  the  criterias  cited  above. 
Shown  in  figure  1  is  a  set  of  four  gridded  gun  ap¬ 
proaches  which  could  be  considered.  As  previously 
stated  the  cathode  control  gun  shown  in  figure  1  a 
requires  a  very  high  pulse  voltage.  The  modified 
focus  electrode  control  gun  has  a  very  low  mu  and 
requires  pulse  voltage  of  3.0  kV  or  higher  to  mo¬ 
dulate  the  beam  in  an  EIA.  The  negative  grid  gun 
shown  in  figure  I-c  is  power  limited,  difficult  to 
build  and  was  primarily  used  in  older  gun  designs. 
The  shadow  grid  gun  in  figure  1-d  is  mechanically 
complex,  difficult  to  align  and  space  to  the  to¬ 
lerances  required  at  95  GHz.  For  the  above 
reason,  all  of  the  above  guns  would  not  be  consi¬ 
dered  as  viable  candidates  for  the  95  GHz  EIA. 

Shown  in  figure  II  are  three  other  types  of 
gridded  guns  which  I  will  discuss  the  merits  of. 
The  unigrid  shown  in  figure  It-a  is  a  modified 
version  of  the  shadow  grid  gun  and  is  very  diffi¬ 
cult  to  fabricate  at  95  GHz  due  to  the  required 
tight  tolerances.  Negative  gridded  guns  shown  in 
figure  Il-b  may  meet  the  requirements  of  beam  con¬ 
trol.  Application  of  this  gun  at  95  GHz  is 
considered  marginal.  The  bonded  or  integrated 
grid  gun  shown  in  figure  I I-c  is  a  metal-insulator 
metal  grid  which  is  mounted  directly  on  the  ca¬ 
thode  surface.  The  major  advantage  of  this  design 
approach  is  that  close  tolerances  required  in  grid 
to  cathode  spacing  for  electron  guns  at  95  GHz  are 
easily  obtained  and  maintained  at  cathode  operat¬ 
ing  temperature.  The  bonded  grid  structure  allows 
control  of  the  beam  current  in  the  electron  gun 
using  a  lower  control  voltage  than  the  cathode  to 
anode  voltage.  Therefore  on  the  basis  of  the 
above  the  obvious  choice  of  gridded  gun  for  the  95 
GHz  EIA  is  a  bonded  grid  gun. 

Cathode  Consideration 


3ecause  the  bonded  grid  operates  at  or  near 
cathode  temperature  the  choice  of  cathode  is  crit¬ 
ical  to  the  development  of  bonded  grid  guns.  In 
high  power  tubes  at  95  GHz  to  achieve  the  desired 
output  power  a  minimum  beam  current  is  specified. 
The  beam  current  for  the  95  GHz  EIA  is  0.5A. 
Based  on  this  current  loading  and  taken  into  ac¬ 
count  the  design  frequency  and  the  screening 
facto?  of  the  grid  a  minimum  current  density  of 
S'Vcm"  is  required.  Because  of  the  cathode 
screening  factor  and  the  cathode  area  choosen  the 
convergence  ratio  of  the  bonded  grid  gun  will  be 
higher  than  for  a  cathode  pulse  gun  to  achieve  the 
same  beam  current.  At  the  current  density  cited 
tbe  number  of  cathodes  capable  of  delivering 
o'Vcnr  at  reasonable  operating  temperatures  for 
long  life  is  limited.  Selection  of  the  cathode  is 
based,  on  the  ability  of  the  cathode  to  deliver 
G^/cnT,  space  charge  limited,  at  as  low  an  operat¬ 
ing  temperature  and  sublimation  rate  as  possible. 
The  grid  material  selected  must,  (1)  have  high 
thermal  and  mechanical  stability,  (2)  not  adver¬ 
sely  affect  the  emission  characteristics  of  the 
cathode  at  elevated  temperatures  and  (3)  have  very 
poor  adherence  for  the  evaporants  evolved  from  the 
cathode.  Pyrolytic  boron  nitride  as  tne  grid 
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insulator  material,  meets  all  of  the  above  cri¬ 
teria.  The  importance  of  the  above  properties 
for  the  grid  material  can  be  seen  from  the  fol¬ 
lowing.  For  bonded  grid  cathodes  operating 
temperature  of  1000°  C  or  higher  grid  currents 
occur  due  to,  (1)  bulk  conductivity,  (2)  surface 
conductivity  and  (3)  grid  emission.  At  bias  vot- 
tage  the  emission  from  the  above  sources  can  be 
described  by  the  following  equation13' 

J  -  A  T2  e-^Tf  0R 

where 

J  3  current  density  in  A/cm“ 

A  =  constant  »  120A/em"  /°K 
T  *  absolute  temperature 
$  1  work  function  in  eV 
K  *  3oltzan‘s  constant 
JR  =  leakage  current 

The  total  grid  current  for  bonded  grid  guns 
todate  have  been  on  the  order  of  several  milliamp 
which  is  well  within  acceptable  limits  for  grid- 
ded  linear  beam  devices. 

To  minimize  the  effects  of  grid  emission  the 
grids  are  fab  -icated  with  a  boron  nitride  coat¬ 
ing.  This  coating  acts  as  an  emission 
suppressant  since  it  ha-  a  very  low  sticking 
coefficient  for  ?j-BaO  which  is  evolved  from  the 
cathode  ai  operating  femoeratures.  Figure  3  is  a 
pic'ure  of  a  oonded  g-id  cathodg  gun  structure 
which  was  fabricated  for  ERADCOM . *  The  gun  shown 
was  built  for  a  C-band  linear  beam  tube.  The 
basic  gun  which  is  being  developed  for  millimeter 
wave  device  is  similar  to  the  one  shown  in  figure 
I  but  much  more  difficult  to  build  because  of  the 
tight  tolerances  critical,  spacings,  and  smaller 
grid  Cells  to  achieve  low  cut-off  voltages. 


Performance  of  Bonded  Grid  Gun 


Development  of  a  bonded  grid  electron  ^un  is 
now  in  process  under  an  ERAOCOM  contract."  Pre¬ 
liminary  design  of  the  bonded  grid  electron  gun 
indicates  that  the  modualtor  voltage  required  to 
Pulse  the  95  GHz  EH  is  500  volts.  Using  equ¬ 
ation  1  and  substituting  500  volts  as  the  voltage 
required  to  pulse  the  tube  we  see  that  the  power 
required  bv  the  modulator  to  switch  the  tube  is 
1.35  watts  as  compared  to  540  watts  in  the  ca¬ 
thode  pulsed  tube.  The  current  required  is  less 
than  0.7A  which  is  very  close  to  the  current  re¬ 
quirements  of  the  tube  to  deliver  RF  power. 
Shown  in  ‘igure  4  is  the  grid  transfer  character¬ 
istics  for  a  C-banj  bonded  grid  gun  as  compared 
to  a  standard  gun.  As  can  be  seen  the  beam 
transmission  from  the  bonded  grid  gun  is  signifi¬ 
cantly  better  than  it  is  for  the  standard  gun  for 
this  tube  which  used  a  unigrid.  It  is 


anticipated  that  the  performance  achieved  for  the 
C-band  tube  can  be  achieved  at  95  GHz  in  an  E1A. 


Conclusion 


It  has  been  shown  that  because  in  bonded  grid 
guns  the  grid  operates  at  cathode  temperature 
proper  choice  of  cathode  is  essential  to  minimize 
grid  emission.  Because  of  the  high  current  re¬ 
quirement  for  high  power  linear  beam  devices  a 
compromise  must  be  made  between  cathode  operating 
temperature,  sublimation  rate  and  the  desired  curt 
rent  density.  State-of-the-art  bonded  grid  gun  4 
used  a  M-cathode.  For  95  GHz  development  of  the 
cathode  to  be  used  in  the  EIA  is  being  done  on  an 
ERADCOM  contract/ 

Sy  selecting  a  bonded  gridded  gun  over  other 
conventional  gun  types  it  has  been  shown  that  sig¬ 
nificant  reduction  in  the  modulator  power 
requirements  can  be  achieved.  This  reduction 
should  make  it  easier  for  the  modulator  power 
supply  engineer  to  design  a  package  which  will  be 
compatible  with  the  requirements  of  mobile  plat¬ 
form  systems  especially  at  frequencies  in  the 
millimeter  wave  region. 
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Abstract 


This  paper  identifies  three  basic  types  of  grid 
modulator  circuits  which  can  be  used  with  gridded 
traveling-wave  tube  amplifiers  in  radar  transmitters. 
Each  modulator  type  has  advantages  and  disadvantages, 
depending  upon  system  requirements.  The  tradeoffs 
involved  in  the  selection  of  a  modulator  are  discussed, 
considering  such  factors  as  pulse  repetition  frequency 
and  pulse  width  ranges,  circuit  reliability,  power 
dissipation,  and  component  count. 


Introduction 

In  most  modem  airborne  radar  systems,  the  trans¬ 
mitter  unit  is  based  on  a  gridded  travel ing-wave  tube 
(GTWT)  which  amplifies  a  microwave  signal  through 
interaction  of  the  microwave  field  with  a  high- power 
electron  beam.  Figure  1  is  a  simplified  block  dia¬ 
gram  of  a  GTWT  transmitter.  A  high-voltage  power 
supply  is  connected  to  the  cathode  and  collector  of 
the  GTWT,  providing  power  for  the  electron  beam;  the 
cathode  voltage  can  be  in  the  range  from  -5  kVDC  to 
-100  kVDC  depending  on  the  particular  GTWT.  The 
electron  beam  (and  thus  the  amplifier)  is  switched  on 
and  off  at  the  radar  pulse  repetition  frequency  (FRF) 
by  pulsing  the  GTWT  grid.  A  positive  grid-to-cathode 
voltage  turns  the  amplifier  on,  while  a  negative 
voltage  is  required  to  turn  the  amplifier  off;  both 
the  "on"  and  "cutoff"  voltages  can  be  in  the  range 
from  50  volts  to  1000  volts. 

The  design  of  a  grid  modulator  circuit  for  a 
radar  transmitter  Is  driven  by  several  factors; 

1.  The  modulator  output  circuitry  must  be  ref¬ 
erenced  to  the  GTWT  cathode  voltage,  which  requires 
some  means  of  low-voltage  to  high-voltage  coupling. 

2.  GTWT  performance  is  extremely  sensitive  to 
variations  in  the  grid  "on"  voltage,  which  requires 
an  accurate  grid  pulse  amplitude  (typically  +2%)  and 
very  low  grid  ripple.  For  this  reason,  the  trans¬ 
mitter  generally  includes  two  well-regulated  Tow- 
ripple  power  supplies  for  the  grid  “on"  and  "cutoff" 
voltages,  with  the  modulator  providing  a  means  for 
switching  the  GTWT  grid  between  these  voltages. 

3.  A  modern  pulse-doppler  radar  system  seldom 
operates  at  a  single  fixed  PRF  and  pulse  width.  In  a 
multimode  system,  it  is  not  uncomnon  to  find  a  three- 
decade  PRF  range  and  a  two-decade  pulse  width  range. 

4.  Pulse  rise  and  fall  times  must  be  kept  to  a 
minimum,  since  the  GTWT  RF  circuit  can  be  damaged  by 
overheating  if  the  transition  times  are  excessive. 

'  large  variety  of  modulator  circuits  have  been  de¬ 
signed  with  the  above  considerations  in  mind.  Recent 
development  work  at  Hughes  Aircraft  Company  has  con¬ 
centrated  on  three  basic  types;  the  "floating  deck" 


TRANSMITTER 
GATE  PULSE  * 


GRIO 

MODULATOR 


HIGH-VOLTAGE 

POWER 


MICROWAVE 

INPUT 


HIGH-POWER 
p  MICROWAVE 
OUTPUT 


Figure  1.  GTWT  Transmitter  Block  Diagram 

modulator,  the  pulse-transformer-coupled  modulator, 
and  the  RF-transformer-coupled  modulator. 


Floating  Deck  Modulator 

Figure  2  is  a  block  diagram  of  a  floating  deck 
grid  modulator,  so  named  because  it  includes  an  active- 
circuit  deck  which  “floats"  at  the  GTWT  cathode  volt¬ 
age.  A  logic-level  transmitter  gate  pulse  is  first 
conditioned  at  ground  potential,  and  is  then  coupled 
through  sene  device  which  provides  high-voltage  iso¬ 
lation  to  two  driver  circuits,  each  of  which  controls 
a  transistor  switch.  These  transistors  connect  the 
GTWT  grid  alternately  to  a  grid  "on”  (B+)  or  " cutoff " 
(B-)  power  supply. 

The  high-voltage  coupling  device  is  generally 
either  a  low-power  pulse  transformer  or  a  fiber-optic 
link.  Use  of  a  transformer  establishes  an  upper  pulse 
width  limit,  and  requires  a  tradeoff  between  pulse 
width  and  rise  time.  For  this  reason,  the  fiber-optic 
link  is  preferred  for  new  designs;  the  maximum  pulse 
width  is  unlimited,  and  the  grid  rise  time  is  limited 
only  by  the  switching  speeds  of  semiconductor  devices. 
The  main  drawback  to  the  use  of  fiber-optics  is  the 
need  for  extra  amplification  on  the  output  of  the  op¬ 
tical  detector,  resulting  in  a  higher  component  count 
on  the  high-voltage  deck. 

Selection  of  the  output  switching  transistors  in 
a  floating  deck  modulator  requires  careful  considera¬ 
tion.  The  voltage  seen  by  these  devices  is  equal  to 
the  total  GTWT  grip  voltage  swing,  which  can  exceed 
600  volts  for  a  high-power  tube.  Until  recently,  bi¬ 
polar  transistors  were  routinely  chosen  over  field- 
effect  transistors  (FETs)  for  this  application  due  to 
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Figure  2.  Floating  Deck  Grid  Modulator 


the  higher  voltage  ratings  of  the  bipolars.  The  avail¬ 
ability  of  high-voltage  metal-oxide-semiconductor  FETs 
(MOSFETs)  has  eliminated  the  bipolar's  voltage  advan¬ 
tage;  further,  since  MOSFETs  are  voltage-controlled 
devices,  they  will  in  general  require  less  drive 
circuitry  than  a  bipolar  transistor.  Some  applica¬ 
tions  require  voltage  swings  which  exceed  the  capabi¬ 
lity  of  either  transistor  type,  in  which  case  it  is 
necessary  to  cascade  two  or  more  devices  to  form  each 
output  switch. 

The  current-carrying  capability  of  the  output 
transistors  also  needs  to  be  considered.  The  steady- 
state  GTWT  grid  current  is  not  a  problem;  grid  current 
is  generally  about  ten  percent  of  the  total  GTWT  beam 
current  for  a  conventional  grid,  and  is  less  than  five 
milliamperes  for  the  non intercepting  "shadow"  grids 
used  in  most  high-power  tubes,  so  the  steady-state 
transistor  current  is  normally  less  than  100  milli¬ 
amperes.  However,  the  capacitive  load  being  switched 
by  each  transistor  (consisting  of  the  GTWT  grid-to- 
cathode  capacitance  plus  the  output  capacitance  of  the 
opposite  transistor)  results  in  large  surge  currents, 
especially  when  the  rise  and  fall  times  are  very  fast. 
For  example,  with  a  typical  grid  capacitance  of  100 
picofarads,  a  MOSFET  output  capacitance  of  400  pico¬ 
farads,  a  total  grid  voltage  swing  of  600  volts,  and 
a  transition  time  of  50  nanoseconds,  the  charging 
current  can  be  approximated  (C  times  dV/dt)  as  6  am¬ 
peres.  The  initial  tum-on  surge  current  can  be  many 
times  larger  than  this  simple  approximation,  and  must 
be  suitably  limited.  For  bipolar  devices  it  is 
usually  necessary  to  include  a  resistor  In  series  with 
each  switch;  MOSFETs  do  not  require  this  resistor  due 
to  their  inherent  current-limiting  characteristic. 


Pulse-Transformer-Coupled  Modulator 

Figure  3  is  a  block  diagram  of  a  pulse-trans- 
former-coupled  grid  modulator.  Unlike  the  floating 
deck  modulator,  which  has  most  of  its  power  amplifi¬ 
cation  at  high-voltage  potential,  the  pulse-trans¬ 
former-coupled  modulator  performs  power  amplification 
at  ground  potential  and  then  uses  a  high-voltage 
power  transformer  for  the  low-voltage  to  high-voltage 
Interface.  A  logic-level  transmitter  gate  pulse  is 


connected  to  a  driver  circuit  which  controls  a  tran¬ 
sistor  switch  (Ql).  Q1  is  held  on  during  the  gate 
pulse,  thus  coupling  a  high-power  pulse  through  the 
transformer.  The  transformer  output  pulse  is  shaped 
by  a  passive  network  and  is  then  clamped  to  the  grid 
"on"  (B+)  power  supply. 

At  the  end  of  the  gate  pulse,  a  second  transistor 
(Q2)  is  pulsed  on  to  drive  the  transformer  in  the 
opposite  polarity.  This  provides  the  falling  edge  of 
the  grid  pulse  and  resets  the  transformer's  magnetic 
flux  which  prevents  transformer  saturation.  A  third 
transistor  (Q3)  is  turned  on  whenever  QI  and  Q2  are 
both  off,  so  as  to  damp  out  any  residual  energy  left 
in  the  transformer  and  thereby  prevent  Interpulse 
ringing  on  the  GTWT  grid.  Figure  4  illustrates  a 
typical  set  of  waveforms  for  a  pulse-transformer- 
coupled  grid  modulator. 

Some  care  must  be  taken  when  designing  the  trans¬ 
former  reset  circuit.  A  fixed-width  reset  pulse  is 
easy  to  generate  and  is  thus  very  desirable,  and  can 
be  used  in  low-duty-factor  applications.  We  have 
successfully  used  this  technique  in  a  modulator  with  a 
maximum  duty  factor  of  0.07  and  a  20:1  pulse  width 
range;  the  reset  pulse  width  was  fixed  at  the  minimum 
grid  pulse  width.  In  most  applications,  however,  it 
is  necessary  to  vary  the  width  of  the  reset  pulse  as  a 
function  of  the  grid  pulse  width.  The  ratio  between 
these  pulse  widths,  and  therefore  the  modulator's 
maximum  duty  factor,  is  fixed  by  the  need  to  maintain 
equal  volts-seconds  products  on  the  two  transformer 
primary  windings.  If  both  primaries  are  connected  to 
the  sane  input  voltage  (the  normal  case,  as  illustra¬ 
ted  in  Figure  3),  and  if  the  primaries  have  an  equal 
mmber  of  turns,  the  reset  and  grid  pulse  widths  will 
be  equal  and  the  maximum  duty  factor  will  be  0.50. 
Higher  duty  factors  can  be  obtained  by  using  two 
different  power  supplies  or  different  turns  ratios. 

The  pulse-transformer-coupled  modulator  also  has 
limitations  on  minimum  and  maximum  pulse  width.  Tran¬ 
sistor  switching  speeds  and  the  transformer  rise  time 
determine  the  minlimmi  pulse  width;  with  MOSFET  switches 
a  minimum  pulse  width  of  400-500  nanoseconds  can  be 
realized.  The  maximum  obtainable  pulse  width  depends 
upon  the  rise  and  fall  times  needed,  since  wide-pulse 
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capability  and  fast  rise  time  impose  conflicting  re¬ 
quirements  on  the  design  of  the  transformer.  Rise 
and  fall  times  of  approximately  0.3  percent  of  the 
maximum  pulse  width  are  obtainable. 

Power  dissipation  of  a  pulse- transformer-coupled 
modulator  can  be  very  large  at  high  PRFs  and  duty  fac¬ 
tors.  Switching  losses  in  the  transistor  switches  and 
output  clamp  circuit  are  proportional  to  the  PRF;  ad¬ 
ditional  losses  in  the  output  circuit  during  the  reset 
pulse  are  an  exponential  function  of  duty  factor. 
Figure  5  shows  the  total  power  dissipation  for  a  typi¬ 
cal  pulse-transformer-coupled  modulator;  this  parti¬ 
cular  circuit  was  designed  for  high  PRF  and  high-duty- 
factor  operation,  with  a  500-volt  grid  swing  and  50 
nanosecond  rise  and  fall  times. 


RF-Transformer-Coupled  Modulator 

Figure  6  is  a  block  diagram  of  an  RF-transformer- 
coupled  grid  modulator.  A  logic-level  transmitter 
gate  pulse  is  used  to  amp  I i tude-modu I  ate  a  100  mega¬ 
hertz  RF  source.  The  resulting  signal  is  amplified 
and  then  applied  to  a  high-voltage  isolation  trans¬ 
former  (Tl).  In  order  to  assure  maximum  RF  power 
transfer,  a  passive  impedance-matching  network  is 
connected  to  the  transformer  secondary.  The  output  of 
the  matching  network  is  envelope-detected  and  is  then 
clamped  to  either  the  grid  "on"  (8+)  or  "cutoff"  (B-) 
power  supply.  A  small  filter  removes  ripple  compo¬ 
nents  at  the  carrier  frequency  and  its  harmonics.  A 
bleeder  resistor  (Rl)  provides  a  steady-state  path  for 
cutoff  bias. 

The  envelope  detector  is  normally  a  full-wave 
bridge.  Selection  of  the  rectifiers  for  this  bridge 
is  critical  to  modulator  performance.  As  previously 
noted,  the  typical  GTWT  grid  voltage  swing  is  several 
hundred  volts;  the  rectifiers  in  the  envelope  detec¬ 
tor  must  be  rated  at  the  full  grid-swing  voltage.  Ad¬ 
ditionally,  in  order  to  obtain  a  good  rectification 
efficiency  at  the  high  RF  operating  frequency,  it  is 


necessary  to  use  diodes  with  very  fast  forward  and  re¬ 
verse  recovery  times  (tfr  and  trr)  and  with  minimal 
junction  (and  package)  capacitance.  At  the  present 
time,  single  discrete  diodes  meeting  all  of  the  above 
requirements  are  not  available.  It  is  therefore  nec¬ 
essary  to  use  a  number  of  Schottky  or  ion-implanted 
low-voltage  rectifiers  connected  in  series.  It  may 
also  prove  possible  to  use  “synchronous  rectification" 
techniques  (where  the  rectifiers  are  replaced  by  syn¬ 
chronously-switched  MOSFETs)  in  the  envelope  detector. 

The  response  of  the  envelope  detector  alone  yields 
unacceptable  rise  and  fall  times  for  nearly  all  appli¬ 
cations;  the  rise  time  is  limited  by  the  load  (grid-to- 
cathode)  capacitance  and  the  available  RF  input  power, 
while  the  fall  time  is  determined  by  the  load  capaci¬ 
tance  and  the  bleeder  resistance.  In  order  to  correct 
this  problem,  two  "edge  circuits"  are  added  to  the  mod¬ 
ulator  to  rapidly  charge  and  discharge  the  load  capaci¬ 
tance  by  means  of  relatively  narrow  pulses  generated 
at  the  leading  and  trailing  edges  of  the  transmitter 
gate  pulse.  These  edge  pulses  are  coupled  through 
transformers  T2  and  T3  to  form  the  leading  and  trail¬ 
ing  edges  of  the  GTWT  grid  pulse.  Due  to  the  small 
pulse  width  for  the  edge  transformers,  grid  pulse  rise 
and  fall  times  as  small  as  20  nanoseconds  can  be 
achieved. 

Unlike  the  pulse-transformer-coupled  modulator 
discussed  earlier,  the  RF-transformer-coupled  modulator 
has  no  significant  resistive  losses;  power  transfer  is 
done  reactively,  and  most  of  the  dissipation  is  asso¬ 
ciated  with  the  RF  power  amplifier  and  switching  losses 
in  the  envelope  detector.  Another  advantage  of  this 
reactive  power  transfer  is  the  half-sinewave  edges 
which  are  produced,  which  results  in  minimal  far-out 
noise  in  the  RF  output  spectrum. 

This  type  of  modulator  does  not  have  a  maximum 
pulse  width;  the  minimum  pulse  width  is  limited  by  the 
speed  of  the  edge  circuits,  and  is  of  the  order  of  250 
nanoseconds.  A  comparable  time  period  must  be  allowed 
between  pulses,  which  results  in  a  moderate  duty  cycle 
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limitation  at  extremely  high  PRFs.  We  have  success¬ 
fully  achieved  a  duty  factor  of  0.50  at  a  PRF  of  2.25 
megahertz  with  our  present  brassboard  modulator. 


Grid  Bias  Power  Supplies 

All  three  modulator  types  discussed  in  this  paper 
require  two  grid  bias  (B+  and  B-)  power  supplies,  ref¬ 
erenced  to  the  GTWT  cathode.  As  explained  above,  the 
grid  bias  supplies  must  be  well  regulated  with  minimal 
output  ripple.  Two  basic  types  of  power  supply  cir¬ 
cuits  can  be  employed,  each  using  a  transformer  for 
power  coupling  and  high-voltage  isolation.  The  dif¬ 
ference  between  these  two  approaches  is  in  the  loca¬ 
tion  of  the  voltage  regulator  circuit. 

In  the  first  approach,  an  unregulated  AC  power 
form  is  connected  to  the  transformer  input;  this  input 
signal  can  be  either  a  low-frequency  (60  or  400  Hertz) 
sinusoidal  power  source,  or  a  square  wave  generated  by 
a  switching-type  power  converter.  Two  transformer 
output  signals  are  rectified  and  filtered,  and  then 
connected  to  a  pair  of  active  regulator  circuits  which 
generate  the  grid  B+  and  B-  voltages.  This  approach 
yields  extremely  accurate  regulation  (+0.5%  or  better) 
but  has  two  drawbacks:  a  number  of  active  components 
must  be  "floated"  at  the  high-voltage  potential,  and 
any  grid-voltage  adjustment  must  be  done  at  high 
voi tage. 


Since  most  applications  do  not  require  this  de¬ 
gree  of  regulation  (+2*  is  usually  adequate),  it  is 
possible  to  locate  the  regulator  circuit  at  low  volt¬ 
age  in  order  to  solve  the  problems  stated  above.  This 
method  is  illustrated  in  Figure  7.  A  DC  input  power 
source  is  connected  to  a  voltage  regulator,  whose  out¬ 
put  is  connected  to  a  DC-to-AC  switching  power  con¬ 
verter.  The  converter  drives  a  high-voltage  Isolation 
transformer,  and  the  transformer' s  output  signals  are 
rectified  and  filtered  to  generate  the  grid  "on"  (8+)  . 
and  "cutoff”  (B-)  voltages. 

When  a  pulse- transformer-coupled  modulator  is 
used,  the  modulator  switch  bias  voltage  (V[fjon  Fig¬ 
ure  3)  is  often  generated  by  adding  a  low- voltage 
secondary  winding  to  the  grid  bias  transformer.  When 
the  grid  B+  voltage  Is  decreased,  the  pulse  transfor¬ 
mer  voltage  swing  is  decreased  by  a  corresponding 
amount;  this  results  in  less  power  dissipation  in  the 
grid  clamp  circuit  at  low  grid  voltages. 

The  values  of  the  grid  voltage  bleeder  resistors 
(R1  and  R2  in  Figure  7)  depend  upon  the  capacitance  in 
the  filter  and  upon  the  type  of  modulator  used.  A 
floating  deck  modulator  does  not  have  a  clamped-type 
output  and  thus  does  not  force  current  back  into  the 
bias  supplies;  In  this  case,  R1  and  R2  are  selected  at 
a  nominal  value  to  prevent  peak-charging  of  the  fil- 
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ters.  The  other  two  modulators,  however,  can  force  a 
significant  amount  of  current  into  the  bias  supply 
output  filters.  This  requires  a  relatively  large  bleed 
current  through  Rl  and  R2,  and  a  correspondingly  high 
power  dissipation. 


Modulator  Comparisons 

Table  1  presents  a  quantitative  comparison  of  the 
three  types  of  grid  modulators  discussed  in  this  paper. 
Although  most  of  the  tabulated  limitations  could  be 
exceeded  under  special  conditions,  we  feel  that  the 
table  represents  the  performance  attainable  in  prac¬ 
tical  applications.  For  comparison  purposes,  we  have 
used  optical  coupling  in  the  floating  deck  modulator, 
and  a  pulse-transformer-coupled  modulator  designed  for 
a  0.50  maximtm  duty  factor. 

It  is  difficult  to  define  absolute  mode  limita¬ 
tions  for  the  pulse-transformer-coupled  modulator.  If 
a  relatively  narrow  pulse  width  range  can  be  tolerated, 
it  is  possible  to  operate  this  type  of  circuit  at  PRFs 
up  to  one  megahertz.  However,  with  a  pulse  width 
range  of  a  decade  or  more,  it  is  necessary  to  limit 
the  maximum  PRF  to  a  few  hundred  kilohertz  to  avoid 
an  excessively  large  and  complex  pulse  transformer. 

Also  note  that,  although  a  50  nanosecond  rise  time  is 
readily  achievable  with  this  modulator,  the  maximum 
pulse  width  is  approximately  300  times  the  rise  time, 
or  15  microseconds;  a  wider  pulse  width  will  require 
a  corresponding  degradation  in  rise  time. 

The  total  component  count  in  a  modulator  circuit 
is  of  interest  since  it  is  representative  of  the  vol¬ 
ume  and  weight  required.  The  table  also  indicates  the 
number  of  components  which  must  be  located  at  high- 
voltage  potential,  since  these  parts  require  special 
packaging  techniques.  Transient  energy  from  arcs  or 
other  high-voltage  phenomena  can  cause  damage  to  these 
circuits,  and  in  the  case  of  the  floating  deck  mod¬ 
ulator  can  a’so  cause  noise-susceptibility  problems. 
Although  the  floating  deck  modulator  has  a  lower  total 
component  count  than  the  other  two  types,  this  advan¬ 
tage  is  generally  negated  by  the  high-voltage  compo¬ 
nent  count. 

The  three  modulators  have  different  input  power 
requirements.  Those  power  forms  referenced  to  ground 
are  not  a  significant  problem,  because  a  typical  radar 
transmitter  includes  a  large  variety  of  low-voltage 
power  forms.  The  pulse-transformer-coupled  modulator 
requires  a  significant  amount  of  power  from  its  trans¬ 
former  bias  supply  (Vjn  on  Figure  3),  but  as  discussed 
above,  this  source  can  be  added  to  the  grid  bias  power 
supply.  Power  supplies  referenced  to  a  high-voltage 
potential  are  not  difficult  to  design,  but  they  do 
increase  the  high-voltage  component  count.  The 
floating  deck  modulator  requires  two  such  supplies 
referenced  to  the  GTWT  grid  and  two  referenced  to  the 
grid  cutoff  (B-)  voltage.  These  four  supplies  are 
used  by  the  output  transistor  drive  circuits. 

Power  dissipation  is  one  of  the  most  notable  dif¬ 
ferences  between  the  three  modulator  types.  We  have 
tabulated  the  dissipations  for  three  typical  PRF/duty 
factor  combinations.  For  comparison  purposes,  all 
numbers  include  the  losses  in  the  grid  bias  (B+/B-) 
bleeder  resistors.  Most  of  the  dissipation  in  the 
floating  deck  modulator  consists  of  switching  losses 
in  the  output  transistors;  thus  at  higher  PRFs  the 
dissipation  is  a  nearly  linear  function  of  PRF.  As 
discussed  above,  the  losses  In  the  pulse-transformer- 
coupled  modulator  Increase  very  rapidly  as  the  PRF 
and  duty  factor  Increase;  dissipation  is  the  primary 
limitation  of  this  modulator  type.  For  the  RF-trans- 
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Table  1.  GTWT  Modulator  Comparisons 


PARAMETER  ~~ 

_  MODULATOR 

FLOATING  DECK 

PULSE-TRANSFORMER 

COUPLED 

RF-TRANSFORMER 

COUPLED 

PRF 

(MAXIMUM) 

1  MHz 

300  kHz* 

2.5  MHz 

MNtMUMI 

0.2  ?S 

0.5  mS 

0.3  uS 

(MAXIMUM) 

DC 

300  X  (RISE  TIME) 

DC 

RISE/FALL  TIME 

50  nS 

50  nS 

20  nS 

AT  LV 

14 

87 

86 

COMPONENTS 

AT  HV 

66 

17 

25 

TOTAL 

79 

104 

110 

POWER  FORMS 

AT  LV 

1 

2 

3 

(EXCLUDES  B+/B-) 

AT  HV 

4 

0 

0 

MPRF 

(15  kHx.  D  -  0.2) 

25  W 

140  W 

40  W 

DISSIPATION 

HPRF 

(300  kHz,  D  -  0.5) 

70  W 

210  W 

80  W 

EXTREME  HPRF 
(1  MHz,  D-  0.5) 

220  W 

390  W 

120  W 

*1  MHz  ATTAINABLE  WITH  SEVERE  PULSE  WIDTH  LIMITATIONS 


former- coupled  modulator,  only  the  small  amount  of 
dissipation  in  the  edge  circuits  is  PRF-dependent, 
which  results  in  a  relatively  low  power  loss  even  at 
high  PRFs. 


Conclusions 

For  general-purpose  use  in  multimode  radar  sys¬ 
tems,  the  floating  deck  modulator  appears  to  be  the 
best  choice  since  ft  offers  a  wide  PRF  and  pulse 
width  range  with  minimal  component  count  and  power 
dissipation.  The  RF-transformer-coupled  modulator  is 
better  suited  to  applications  requiring  an  extremely 


high  PRF,  due  to  its  fast  rise  and  fall  times  and  low 
high-PRF  losses.  For  low-cost  applications  with  a 
maximum  PRF  of  one  or  two  hundred  kilohertz  and  a  max¬ 
imum  duty  factor  of  0.50,  the  pulse- transformer-coupled 
modulator  is  a  good  choice  due  to  its  relative  simpli¬ 
city  and  low  number  of  high-voltage  components. 
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Summary 

General  considerations  in  the  design  philosophy 
of  a  TWT  grid  modulator  are  outlined.  The 
superiority  of  Power  MOSFET  devices  over  bipolar 
transistors  in  modulator  switching  applications  has 
been  emphasized.  A  grid  modulator  that  is  capable  of 
switching  the  TWT  grid  from  -600  volts  to  +600  volts 
within  a  few  nanoseconds  is  described.  These 
voltages  are  variable  within  the  limits  by  simple 
circuit  adjustments.  The  unit  is  built  to  provide  up 
to  40  kilovolts  isolation  with  respect  to  ground. 

The  modulator  is  capable  of  switching  the  TWT 
with  various  pulse  programs.  Some  of  the  special 
features  like  the  soft  start  and  fault  processing 
circuits  are  discussed.  Test  results  are  included  to 
Indicate  the  universality  of  the  modulator. 

Introduction 

The  traveling  wave  tube  (TWT)  is  probably  the 
most  widely  used  microwave  power  amplifying  device  - 
be  it  for  communication,  electronic  warfare  or  radar 
systems.  The  superiority  of  a  TWT  over  any  other 
class  of  tube  in  terms  of  bandwidth,  duty  cycle  and 
gain  makes  it  an  ideal  candidate  for  the  latter  two 
applications.  These  applications  call  for  generation 
of  high  power  RF  pulses  of  varied  repetition 
frequency,  pulse  widths  and  modulation  programs.  The 
control  element  to  accomplish  these  pulse  programs  is 
the  grid  in  the  TWT.  Normally  this  electrode  is  used 
to  switch  the  tube  ON  or  OFF  at  will  depending  on  the 
application.  It  is  biased  negative  with  respect  to 
the  cathode  to  keep  the  tube  at  cutoff,  and  is  driven 
to  a  pre-determlned  positive  potential  during  the 
pulse  period  to  make  the  tube  conduct  and  amplify  the 
RF  output.  The  subsystem  needed  to  do  this  switching 
-  a  universal  modulator  -  is  the  topic  of  discussion 
of  this  paper. 

Central..  .CcnaldenUona 

The  block  diagram  of  the  TWT  power  supply 
arrangement  for  a  system  with  a  depressed  collector 
is  shown  in  fig.  (1).  The  solenoid  supply  required 
for  tubes  with  electromagnets  is  omitted  from  this 
discussion.  All  the  supplies  are  referenced  to  the 
cathode,  and  this  makes  it  necessary  for  the  grid 
modulator  and  heater  supplies  to  float  at  cathode 
potential.  The  body  supply  is  at  the  highest 
potential.  The  transmitter  trigger  signal  is  at 
ground  level  and  normally  in  a  TTL  compatible  pulse 
format.  This  needs  to  be  coupled  to  the  high  voltage 
deck  with  sufficient  isolation.  Generally  two 
methods  of  pulse  coupling  are  used  -  transformer 
coupling  and  optical  coupling.  Selecting  a  method  of 
coupling  is  mainly  dependent  on  the  system 
considerations  in  that  factors  like  the  voltage 
iaolation  needed,  PRF,  pulse  width,  amount  of  pulse 
power  to  be  coupled,  pulse  fidelity,  and  environment 
are  based  on  the  system  parameters.  In  the 
transformer  coupling  method  the  trigger  pulse  is 
processed  at  the  low  voltage  level  itself  and  coupled 
to  the  high  voltage  deck  through  the  transformer. 


The  voltage  isolation  is  provided  by  the 
transformer.  The  optical  coupling  uses  optical  fiber 
to  isolate  electrically  the  low  voltage  circuit  from 
the  high  voltage  deck,  and  the  pulse  processing  is 
done  at  the  high  voltage  deck. 

The  block  Indicated  as  'Modulator  Control’  in 
the  diagram  consists  of  the  pulse  processing, 
interfacing,  control  and  protection  circuits  of  the 
modulator. 

Negative  grid  bias  (B-)  to  keep  the  TWT  at 
cutoff  during  the  interpulse  interval,  B+-  supply  for 
driving  the  grid  positive  according  to  the  pulse 
command,  the  switching  elements  and  the  sensors  for 
control  and  monitoring  circuits  are  housed  in  the 
block  "Grid  Bias  and  Modulator".  The  output  of  this 
is  a  pulse,  as  shown  in  the  diagram.  The  PRF  and 
pulse  width  can  vary  in  any  format  depending  on  the 
application.  The  modulator  should  be  capable  of 
responding  to  these  changes.  The  shape  of  the  output 
pulse  from  the  modulator  also  is  a  very  important 
aspect  to  be  considered.  The  rise  and  fall  times 
under  loaded  conditions  have  to  be  as  short  as 
possible  -  preferably  a  few  nanoseconds  -  to  ensure 
operation  of  the  system  under  various  pulse  programs. 

The  amplitude  perturbations  at  the  top  of  the 
pulse  are  of  great  significance,  especially  in  a 
Doppler  radar  system  wherein  information  of  phase  on 
a  pulse  to  pulse  basis  is  extracted  for  detecting 
moving  targets.  This  requires  a  highly  stable 
radiated  signal  from  the  transmitter.  Stability 
refers  to  only  short  term  effects  on  a  pulse-to-pulse 
basis.  Factors  contributing  to  the  instability  of 
the  transmitted  signal,  apart  from  the  spectral 
impurity  of  the  source  itself,  are  mair.ly  the 
amplitude/phase  modulation  effects  caused  by  the 
ripples  in  the  various  power  supplies  of  the  TWT 
amplifier.  The  tube  manufacturers  provide  the 
information  on  the  phase  sensitivities  of  each 
electrode  in  terms  of  degrees/volt.  The  ripple 
rejection  specifications  for  each  power  supply  should 
be  calculated  from  these  figures  taking  into  account 
the  overall  improvement  factor  needed.’2  Even 
though  the  body  supply  is  of  primary  importance  here, 
the  positive  bias  (B+)  which  decides  the  amplitude  of 
the  grid  pulse  is  also  of  considerable  significance. 
Care  should  be  taken  to  minimize  instabilities  in  the 
B*  supply  and  provide  a  flat-top  pulse  output  from 
the  modulator.  This  supply  should  have  sufficient 
current  capabilities  to  drive  intercepting  types  of 
grids  also. 

Another  important  aspect  to  be  considered  is  the 
interfacing  of  the  modulator  with  the  tube.  The 
system  design  should  take  into  account  the  probable 
faults  in  the  power  supply/modulator  that  can  damage 
the  tube  and  also  provide  adequate  protection  to  the 
modulator  if  arcing  occurs  within  tha  tuba.  The 
modulator  has  been  considered  as  one  of  the  weak 
links  in  terms  of  reliability  in  a  radar  or  EW  system 
by  many  system  designers  mainly  becauat  the  failure 
of  components  within  the  modulator  circuit  disables 
the  transmitter.  As  this  unit  is  at  the  cathode 
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potential,  any  arcing  in  the  tube  could  cause  heavy 
current  flow  through  the  components  in  the  modulator 
circuits.  Many  times  the  failure  might  have  been  due 
to  this  high  current  surge.  Arrangements  should  be 
made  to  divert  such  a  transient  current  from  the 
sensitive  elements  in  the  modulator.  The  fault 
protection  arrangement  should  be  very  reliable  but  it 
should  not  be  so  sensitive  that  it  reduces  the 
availability  of  the  transmitter.  Peak  and  average 
overcurrents,  and  an  excessive  duty  cycle,  are  some 
of  the  major  faults  that  need  Instantaneous  circuit 
reaction  to  protect  the  system. 

Baala  Configurations 

Two  commonly  used  grid  modulator  schemes  are 
shown  in  fig.  (2)  and  fig.  (3).  Both  have  two  power 
supplies,  B-  and  B*,  referenced  to  the  cathode  for 
providing  the  cutoff  bias  and  the  'pulse-up* 
voltages.  The  transmitter  trigger  pulse  after 
processing  is  given  to  the  switch  control  circuit. 
In  the  grid  modulator  shown  in  fig.  2,  the  B-  supply 
is  connected  to  the  grid  of  the  TWT  through  the 
resistor  R1.  R2  is  the  short  circuit  current 
limiting  resistor  in  the  grid-modulator  path.  During 
the  ON  period  of  the  pulse,  switch  SI  is  closed  by 
the  control  signal  and  the  B+  supply  is  connected  to 
the  grid.  As  soon  as  the  pulse  is  removed,  SI 
becomes  open  and  R1  pulls  the  grid  down  to  the  B- 
voltage  level.  Since  a  resistor  is  used  to  pull  down 
the  grid  to  the  cutoff  level  this  circuit  is  known  as 
a  passive  pull  down  circuit.  The  value  of  this 
resistor  is  a  compromise  between  the  power 
dissipation  and  the  pulse  fall  time.  This  scheme  is 
simple  and  can  be  used  reliably  in  many  systems 
requiring  voltage  swings  up  to  600  volts. 

The  active  pull  down  scheme  shown  in  fig.  (3) 
utilizes  one  more  switch,  S2,  which  acts  as  a  tail- 
biter.  As  in  the  previous  case,  SI  is  closed  during 
the  pulse  period.  During  this  period  S2  is  open.  At 
the  end  of  the  pulse,  SI  is  opened  and  S2  is  closed 
for  a  short  duration,  and  the  grid  is  pulled  down  to 
B-  level.  Since  R1  is  connected  in  parallel  to  S2, 
this  pull  down  switch  need  not  be  closed  for  long 
duration.  The  resistor  R1  is  much  greater  than  the 
corresponding  resistor  that  would  be  used  in  a 
passive  pull  down  circuit.  This  scheme  is  better 
than  the  previous  one  because  the  fall  time  of  the 
pulse  is  reduced  and  very  little  power  is  dissipated 
in  the  pull  down  device.  But  additional  circuits  are 
needed  to  provide  the  timing  and  control  for  the 
switching  devices. 

Ponmr_  MOSFET  as  the  Switching  Device 

The  switches  shown  in  fig.  (2)  and  (3)  are 
active  elements  and  should  have  the  following 
characteristics: 

a)  fast  switching; 

b)  high  frequency  operation; 

c)  high  voltage  capability; 

d)  simple  driving  mechanism; 

e)  very  good  reliability. 

There  are  three  main  types  of  semiconductor 
devices  available  today  for  switching  applications  - 
Thyristors,  bipolar  transistors  and  MOS  Field  Effect 
Transistors  (MOSFET).  Out  of  these,  thyristors  are 
generally  used  for  high  current  switching  at  fairly 
high  voltages  and  do  not  find  much  use  in  TWT  grid 
modulator  applications  because  of  their  slow  speed, 
frequency  limitations  and  commutation  problems. 
Bipolar  transistors  have  been  in  extensive  use  but 
the  circuits  become  very  ccaiplex  in  many  applications 


requiring  multiple  pulse  programs.  MOSFET  devices 
have  been  used  in  high  speed  switching  circuits  at 
low  voltage  and  current  levels.  Analog  switches  for 
multiplexing,  A/D  converters  and  switch  arrays  are 
some  of  these  applications.  But  it  is  only  during 
the  last  five  years  that  MOSFETs  became  available  for 
use  at  higher  power  level3.^>4  Now  Power  MOSFETs 
have  become  very  popular  with  power  supply  designers 
for  use  in  high  frequency  switch  regulators, 
inverters  and  converters.  Some  of  the  important 
features  which  make  this  device  superior  to  bipolar 
transistors  in  grid  modulator  switching  applications 
are  given  below: 

Switching  Time:  Being  a  majority  carrier  semi¬ 
conductor  device,  MOSFETs  do  not  have  the  minority 
carrier  delay  times  associated  with  bipolar 
transistors.  The  switching  time  is  mainly  controlled 
by  the  input  capacitance,  C<S3,  between  the  gate  and 
the  source  of  the  FET.  This  capacitance  is  in  the 
range  of  100  pf  to  500  pf  for  the  devices  used  in 
power  switching  applications.  The  switching  time  can 
be  approximated  to  the  time  constant  C,ss  x  Rin  where 
Rin  is  the  effective  source  impedance.  It  is 
possible  to  reduce  this  further  by  circuit 
techniques.  When  compared  with  a  bipolar  transistor 
of  the  same  rating  a  Power  MOSFET  has  an  order  of 
magnitude  faster  switching  time. 

Frequency  of  Operation:  Power  MOSFETs  have  much 
higher  frequency  operations  capability  than  bipolar 
transistors.  Because  the  switching  time  is  very 
short,  the  power  dissipated  in  the  FET  during 
switching  is  very  low  and  this  makes  the  FETs  capable 
of  switching  at  high  frequencies.  Pulse  programs 
such  as  burst  mode,  stagger  and  multiple  PRFs  are 
easily  achievable  with  Power  MOSFETs  as  the  switching 
devices. 

Driving.  Mechanism:  One  of  the  chief  differences 
between  bipolar  transistors  and  Power  MOSFETs  is  in 
the  drive  requirements.  Bipolar  transistors  are 
current  operated  devices  and  need  a  large  base 
current  to  drive  them  into  saturation.  In  the  case 
of  Power  MOSFET  a  voltage  is  applied  between  the  gate 
and  the  source  terminals  to  produce  a  current  flow  in 
the  drain.  As  the  gate  is  electrically  Isolated  from 
the  source  by  a  layer  of  silicon  oxide,  there  is  very 
little  current  flow  into  the  gate.  This  makes  the 
drive  circuits  very  simple.  The  gate-source 
breakdown  voltage  of  these  FETs  is  about  20  volts  and 
the  drive  level  should  be  kept  below  this. 

Voltage  Capability:  Power  MOSFETs  are  available 
today  with  a  voltage  capability  of  600  volts  without 
any  deterioration  in  their  advantageous  features.  It 
is  easy  to  connect  these  devices  in  series  for  higher 
voltage  capability  because  of  their  simple  driving 
requirements.  This  point  is  explained  in  detail 
later. 

Reliability;  The  performance  of  a  bipolar  transistor 
is  very  much  dependent  on  temperature.  It  is  also 
susceptible  to  thermally  Induced  breakdown.  Power 
MOSFETs  are  much  superior  under  the  same 
environmental  conditions.  They  have  excellent  gain 
and  switching  time  stability  with  temperature 
changes.  The  switching  time,  as  explained  earlier, 
is  dependent  on  the  input  capacitance  -  C,M  -  which 
is  not  affected  by  temperature  variations.  The 
carrier  mobility  in  a  power  MOSFET  channel  region 
decreases  with  temperature.  If  localized  heating 
occurs,  the  carrier  mobility  decreases  which  in  turn 
reduces  the  localized  current.  This  mechanism  forces 
overload  currants  to  be  uniformly  distributed  with 
the  MOSFET.  When  localized  hot  spots  are  formed  in  a 
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bipolar  transistor  the  effect  is  to  reduce  the 
impedance  and  to  funnel  the  collector  current  through 
the  small  area  and  ultimately  destroy  the  transistor. 

Universal  Modulator 


When  faced  with  a  problem  of  developing  TWT 
modulators  for  radar  and  EW  systems  operating  in 
different  frequency  bands,  we  decided  to  examine  the 
feasibility  of  combining  the  requirements  and  of 
designing  a  single  unit  with  the  capability  of  being 
adapted  with  minor  adjustments  to  many  systems.  The 
modulator  described  here  is  the  outcome  of  this 
design  effort.  The  advantages  of  high  frequency 
power  supplies,  such  as  reduction  in  size  and  weight 
and  synchronization  with  the  PRF  of  the  main  system, 
are  made  use  of  in  the  circuit.  Important 
specifications  of  the  modulator  are  listed  below: 


B*  and  B-  supplies 


each  variable  from  100  volts 
to  600  volts 


PRF 


1  kHz  to  25  kHz  (stagger  mode 
also  required) 


Pulse  Width 


100  nsec  to  15  usee 


Pulse  Burst  :  100  nsec  'ON'  100  nsec  'OFF' 

(pulse  width  and  PRF  limited 
by  duty  cycle 


Rise  and  Fall  Time 


:  less  than  50  nsec 


Ripple  on  Pulse  Top  :  less  than  5  millivolts 

Voltage  Isolation 

to  Ground  :  40  kilovolts 


The  block  diagram  of  the  modulator  is  shown  in 
fig.  (4).  The  prime  power  input  is  rectified  and  fed 
to  a  high  frequency  switch  regulator.  The  output  of 
the  switch  regulator  is  fairly  well  regulated.  This 
regulated  DC  is  applied  to  the  high  frequency 
inverter.  In  the  absence  of  a  synchronizing  pulse, 
the  switch  regulator/ inverter  frequency  is  about  25 
kHz.  This  coulc  be  phase  locked  to  the  system  PRF  if 
a  synchronizing  pulse  derived  from  the  PRF  generator 
is  given  to  the  power  supply  control  circuit.  The 
inverter  transformer  T1  has  four  secondary  windings 
for  generating  all  the  voltages  needed.  This 
transformer. also  provides  the  voltage  isolation.  It 
may  be  noted  that  the  TWT  heater  supply  is  included 
in  this  unit.  The  advantages  of  integrating  the  TWT 
heater  supply  into  this  are: 

a)  elimination  of  bulky  low  frequency  transformer; 

b)  easier  implementation  of  heater  supply  with 
minimum  circuit  elements; 

c)  reduction  ir.  AH/PM  noise  in  the  TWT  by  having  a 
regulated  DC  heater  supply. 

All  the  DC  voltages  are  well  regulated  and  the 
outputs  are  adjustable.  Low  voltages  needed  for  the 
protection  circuits  within  the  high  voltage  deck  are 
also  provided  by  this  power  supply  unit.  The  B- 
supply  is  regulated  by  a  simple  Zener  arrangement. 
B*  supply  is  a  critical  circuit  derived  by  using  a 
floating  regulator  arrangement  with  LM723  as  the 
control  element.  Some  additional  features  are 
incorporated  in  this  power  supply;  for  example,  the 
soft  start  circuit  shown  in  fig.  (5).  This  circuit 
is  used  to  ramp  up  the  8*  slowly  during  the  initial 
turn-on  sequence.  When  the  modulator  is  switched  on 
after  the  warm-up  delay,  the  B*  output  will  be  at  a 


level  decided  by  the  setting  of  the  resistor  R2.  As 
the  tube  starts  drawing  current,  the  current 
transformer  (CT)  provides  a  proportional  pulse  output 
voltage  to  the  sample  and  hold  circuit.  The  output 
of  this  circuit  is  fed  to  an  error  amplifier  A1.  The 
error  amplifier  has  a  reference  voltage  that  is 
adjustable  by  R1.  The  output  of  the  error  amplifier 
is  ramped  up  at  a  rate  governed  by  the  value  of  the 
capacitor  Cl.  This  ramp  is  applied  to  the  summing 
amplifier  A2  which  has  its  output  connected  to  the 
regulator  error  amplifier.  Steady  state  condition  is 
attained  when  the  output  of  A1  reaches  the  peak 
value.  The  action  of  the  two  control  loop*  -  one 
formed  by  the  regulator  and  A2  and  the  other 
comprising  A1,  A 2  and  the  regulator  -  ensures  the 
change  of  B+  level  from  a  nominal  voltage  to  the 
exact  voltage  at  a  pre-determ ined  rate  to  avoid  any 
beam  surge  currents  during  turn-on.  It  also  acts  as 
a  beam  current  regulator  in  that  the  B+  level  is 
brought  down  when  the  beam  current  exceeds  the  value 
for  which  R1  is  adjusted.  This  decrease  in  the 
positive  grid  voltage  causes  a  corresponding 
reduction  in  the  beam  current. 

It  may  be  seen  from  the  block  diagram  of  the 
modulator  that  an  active  pull  down  arrangement  is 
used.  The  PRF  trigger  pulse  is  processed  in  the 
switch  control  circuit  and  coupled  to  the  switching 
devices.  Reliable  protection  circuits  are  used  to 
safeguard  the  tube  and  the  modulator.  Switches  SI 
and  S 2  are  strings  of  Power  MOSFETs  connected  in 
series  for  the  voltage  swing  required.  R1  and  R2  are 
the  effective  resistance  across  each  switch.  Fig. 
(6)  shows  the  switching  arrangement  in  more  detail. 
C1-Q8  are  Power  MOSFET  devices.  Q1  and  Q2  are  used 
to  drive  the  two  switches  formed  by  the  Power  MOSFET 
series  configurations  Q3-Q5  and  Q6-Q8.  Pulse 
transformers  T1  and  T2  couple  the  drive  pulse  to  each 
FET  and  also  provide  the  voltage  isolation  between 
the  low  voltage  deck  and  the  high  voltage  deck. 
Resistors  R7-R12  are  used  to  ensure  equal  voltage 
sharing  by  the  FETs.  The  gate  of  each  FET  is 
protected  by  Zener  diodes.  Transistor  Q1  is  used  as 
the  ON  switch  driver.  This  conducts  for  the  duration 
of  the  pulse  width  needed,  providing  the  gate  drive 
to  the  ON  switch,  FETs  03-05.  The  switch  control 
circuit  provides  a  narrow  pulse  -  Pulse  2  -  to  Q2 
which  is  the  driver  for  the  pull  down  switch 
transistors  Q6-Q8.  The  timing  relationship  of  Pulse 
1  and  Pulse  2  is  such  that  the  trailing  edge  of  Pulse 
1  coincides  with  leading  edge  of  Pulse  2.  There  is  a 
delay  adjustment  in  the  switch  control  circuit  to 
ensure  proper  timing  of  these  two  pulses. 

When  both  switches  -  Pull  up  and  Pull  down  -  are 
off,  the  B-  supply  is  connected  to  the  grid  of  the 
TWT  through  the  resistors  R10-R12  and  the  current 
limiting  resistor  R13,  ensuring  the  tube  is  at 
cut  off.  R10,  R11  and  R12  are  equal  in  value  but  are 
much  smaller  than  the  resistor  chain  on  the  pull  up 
switch  R7-R9.  When  Pulse  1  is  applied  to  Q1,  the 
pull  up  switch  transistors  are  driven  into  saturation 
by  the  coupled  drive  voltage  and  the  B*  supply  is 
connected  to  the  grid.  At  the  end  of  Pulse  1, 
transistor  Q2  is  turned  on  by  Pulse  2  and  the 
transistors  Q6-Q8  are  driven  into  saturation.  This 
action  pulls  down  the  TWT  grid  to  the  B-  supply  level 
quickly.  The  pull  up  switch  is  open  at  this  time. 
At  the  end  of  Pulse  2,  transistors Q1  and  Q2  are  off 
and  the  grid  remains  at  the  B-  level.  Reset  windings 
are  provided  in  the  pulse  coupling  transformers  T1 
and  T2  to  avoid  saturation  of  the  core.  All  the  FETs 
used  in  the  circuit  are  protected  by  connecting 
transient  absorbing  devices  across  them.  This 
arrangement  diverts  the  high  transient  energy  during 
arcing  away  from  the  FETs. 


277 


Fault  Protection  and  Monitor  Circuits 


Packaging 


The  fault  protection  unit  that  includes  the 
control  functions,  protection  circuits  and  monitoring 
facilities  is  designed  taking  into  account  all  the 
system  aspects.  For  some  of  the  faults  occurlng  in 
the  transmitter,  redundant  protection  circuits  may  be 
required  to  ensure  complete  protection  to  the 
microwave  tube  and  associated  circuits.  Monitoring 
of  important  parameters  is  necessary  to  identify  any 
malfunction  quickly.  It  is  convenient  to  Include 
many  of  these  functions  in  the  modulator  unit  since 
the  control  of  the  transmitter  is  easily  accomplished 
by  this. 


Fault  signals  processed  in  the  modulator  unit 
and  the  parameters  monitored  are  listed  below: 


Faults 

High  Beam  Current 
Incorrect  Grid  Bias 
High  Heater  Voltage 
Lou  Heater  Current 


Monitor 
Beam  Current 
Grid  Bias  Voltages 
Heater  Voltage 
Heater  Current 


Excess  Duty  Cycle 

With  modern  processing  techniques  in  the 
manufacture  of  the  TWT,  the  probability  of  arcing  in 
the  tube  is  considerably  reduced.  But  still  arcing 
takes  place  occasionally,  especially  after  prolonged 
use  of  the  tube.  So  it  is  essential  to  safeguard  the 
tube  and  modulator  against  arcing.  High  voltage 
power  supplies  for  the  tube  are  designed  to  take  care 
of  this  situation,  but  to  protect  the  modulator 
additional  circuits  are  needed.  Beam  current  output 
is  one  of  the  convenient  sensing  parameters  to  detect 
any  abnormalities  and  this  is  done  here  as  indicated 
earlier  in  fig.  <5).  The  current  transformer  output, 
apart  from  being  used  for  the  regulator  control,  is 
also  made  use  of  in  triggering  fast  acting  protection 
circuits.  The  output  is  compared  with  a  pre-set 
reference  in  a  comparator  circuit.  Whenever  the 
comparator  output  changes  its  state  due  to  the  excess 
beam  currerh,  the  modulator  trigger  is  Inhibited 
instantaneou-ly  and  dr  ves  the  tube  to  cutoff. 


All  the  signals  for  triggering  the  fault 
protection  circuits  and  the  different  voltages  and 
currents  to  be  monitored  are  coupled  from  the  high 
voltage  deck  to  low  voltage  deck  via  optical  fibers. 
A  block  diagram  of  the  signal  conditioner  circuit 
used  for  this  is  shown  In  fig.  (7).  Inputs  from  the 
various  fault/monitor  signal  sensors  are  fed  to  the 
amplifier.  The  amplified  voltage  output  is  converted 
to  a  nominal  frequency  of  7  kHz  in  a  voltage  to 
frequency  converter  circuit.  This  frequency  will 
vary  according  to  the  changes  In  the  input  voltage. 
The  V/F  converter  output  drives  a  light  emitting 
diode.  The  light  pulses  are  coupled  to  the  low 
voltage  deck  using  optical  fibers.  At  the  low 
voltage  deck  the  light  pulses  are  converted  back  to 
electrical  pulses  and,  after  amplification,  are  fed 
to  a  fraquancy  to  voltage  converter.  This  voltage 
output  is  fed  to  the  monitor  circuit  for  indication 
of  the  parameter  to  be  monitored.  The  signal  is  also 
fed  to  a  comparator  circuit  wherein  it  is  compared 
with  a  pre-set  reference.  In  the  event  of  any  fault, 
the  signal  Input  to  the  comparator  exceeds  the 
reference  causing  a  change  of  state  at  the  output. 
Thla  la  latched  in  a  logic  circuit  and  the  latched 
output  la  uaed  to  activate  the  protection  circuits. 


Circuits  used  In  the  modulator  are  divided  into 
small  functional  blocks  and  classified  in  two 
categories  -  essential  and  optional.  Based  on  the 
system  requirements  the  optional  features  could  be 
added  or  deleted.  Some  of  the  features  categorized 
as  optional  are  monitoring  circuits  and  the  beam 
current  regulator.  By  doing  this  it  is  possible  to 
optimize  the  system  for  specific  requirements. 
Packaging  also  varies  to  suit  the  system 
environment.  For  example,  in  one  of  the  airborne 
applications,  the  modulator  is  housed  in  a  leak  proof 
aluminum  container  filled  with  flourinert  liquid  for 
providing  good  voltage  isolation.  This  unit  occupies 
a  volume  of  less  than  300  cubic  inches  and  weighs 
approximately  15  pounds.  This  Includes  the  weight  of 
the  dielectric  fluid  and  the  container.  Another 
application  needing  a  voltage  Isolation  of  only  20 
kilovolts  used  an  entirely  different  packaging. 
Flexibility  in  the  engineering  and  packaging  of  this 
modulator  is  considered  to  be  an  advantageous  point. 
Photographs  of  these  units  are  shown  in  fig.  (8)  and 
(9). 


Teat,  fleaulta 

The  modulator  described  above  has  been  tested 
with  various  TWTs.  The  voltage  swing  levels  and 
pulse  programs  were  different  in  each  case.  Pulse 
widths  ranging  from  100  nanoseconds  to  15 
microseconds  and  PRFs  varying  from  1  kHz  to  25  kHz 
were  used  in  the  testing  program.  Test  results  are 
shown  in  the  figures  ( 1C)  through  03). 

Conclusion 

The  modulator  described  in  this  paper  has  been 
found  to  be  useful  in  many  systems  in  terms  of 
performance  and  reliability.  Because  of  the 
modularity  in  the  design  approach  circuit 
configuration  could  be  modified  easily  depending  on 
the  system  requirements.  Superiority  of  Power  MOSFET 
devices  over  bipolar  transistors  in  grid  modulator 
switching  applications  has  been  established  in  this 
design.  Even  though  this  modulator  was  tested  for 
PRFs  up  to  25  kHz  only,  the  design  is  good  for  much 
higher  frequency  capability.  The  power  supply 
arrangement  for  deriving  the  voltages  needed  for  the 
modulator  and  heater  has  the  advantage  of  easy 
adjustments  to  suit  individual  traveling  wave  tubes' 
requirements. 
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750  KW  POWER  SYSTEM 
FOR 

A  SOLID  STATE  PULSED  RF  TRANSMITTER 


Charles  A.  Corson  &  Howard  S.  Ginsberg 
Westinghouse  Electric  Corporation 
Baltimore,  Maryland 


SUHHWRV 

This  paper  .describes  a  power  and  energy 
distribution  and  control  system  for  the  AN/SPS-40 
transmitter  which  Is  a  pulsed  high  power  solid  state 
radar  transmitter  recently  developed  by  Westinghouse 
for  the  Navy.  The  solid  state  amplifier  draws  pulse 
currents  of  over  19,000  amperes  at  over  750  KM  from  a 
40  VOC  power  supply  system.  The  final  stage  Includes 
over  100  RF  amplifier  modules.  The  entire  system  is 
regulated  to  better  than  40  millivolts  pulse  to  pulse 
in  order  to  achieve  excellent  RF  phase  and  amplitude 
stability  even  when  variable  pulse  spacing  is  used. 
This  mocfcilar  amplifier  system  offers  graceful 
degradation  or  soft  failure,  and  improved  on-line 
dependability. 


DISTRIBUTION  SYSTEM 

The  Final  Amplifier  stage  of  this  transmitter 

includes  112  identical  2.5  KW  solid  state  RF  amplifier 
modules  whose  outputs  are  combined  to  produce  over 
200  KW  peak  output  power  at  UHF.  The  individual 
modules  draw  up  to  180  amperes  at  40  volts  OC  during 
the  RF  pulse.  Total  requirements  for  the  output  stage 
are  19,000  amperes  peak  at  40  VOC.  The  duty  of  the 
60  microsecond  RF  pulses  is  1.8*,  thereby  requiring 
15.5  KW  average  power.  These  large  requirements  are 
accomplished  by  dividing  the  amplifier  system  down 
into  smaller  units.  The  Final  Amplifier  is  contained 
in  two  identical  cabinets  as  depicted  by  the  two  right 
cabinets  in  Figure  1.  Each  cabinet  contains  56  RF 
amplifier  modules  and  5  identical  power  supplies. 

Each  power  supply  can  power  12  RF  modules,  however  all 
but  one  of  the  power  supplies  are  only  loaded  with  11 
amplifier  modules.  Because  each  power  supply  would 
have  to  deliver  over  2000  ampere  pulse  currents,  the 
output  filter  capacitors  are  distributed  into  each  RF 
amplifier  module  close  to  the  RF  amplifier 
transistors.  In  this  way  each  power  supply  only  needs 
to  deliver  up  to  40  amperes  average  current  to 
recharge  the  distributed  filter  capacitors.  Each 
module  contains  about  5000  microfarads  which 
discharges  two  volts  during  each  60  microsecond 
pulse.  The  DC  for  each  module  is  wired  back  to 
the  power  supply  and  all  modules  are  recharged  in 
parallel.  After  recharge,  all  modules  on  any  power 
supply  have  the  same  OC  voltage. 

8y  distributing  the  amplifier  system  in  this  way, 
failures  can  be  easily  tolerated  without  shutting  down 
the  transmitter.  A  single  RF  module  failure  has  no 
measurable  impact  on  system  performance  and  is 
reported  to  the  operator  by  the  automatic  built  in 
test  features.  A  failure  of  a  single  power  supply 
drops  only  10*  of  the  transmitter  off  line  and  the 
system  continues  to  run  using  the  remaining  90*  of  the 
amplifier.  In  the  extreme  case  where  an  entire 
cabinet  may  have  to  be  shut  down,  the  radar  system  can 
still  operate  with  reduced  performance  using  the  other 
operational  half  of  the  transmitter. 


Each  of  the  10  power  supplies  are  protected  by  an 
individual  3  phase,  440  VAC  circuit  breaker.  This 
provides  fault  Isolation  so  that  the  remaining  9  units 
stay  on  line.  It  also  allows  a  defective  unit  to  be 
depowered  and  replaced  while  the  rest  of  the  system 
continues  to  run.  Each  power  supply  contains  its  own 
self  monitoring  circuitry  which  reports  to  the 
transmitter  system  its  status.  An  individual 
indicator  for  each  power  supply  tells  the  operator 
which  unit  may  have  failed. 

The  RF  Drive  stage  for  the  transmitter  uses  12 
more  of  the  same  RF  modules  and  is  powered  by  an  11th 
identical  power  supply.  A  12th  power  supply  is 
electrically  connected  to  the  Orive  stage  and  is 
automatically  powered  up  if  the  Driver  power  supply 
should  fail.  This  same  unit  can  be  used  as  a  spare 
for  any  of  the  10  power  supplies  in  the  Final 
Amplifier  cabinets. 


CONTROL  SYSTEM 

The  output  of  the  Final  stage  of  the  amplifier  can 
be  controlled  from  zero  to  full  output  power  in  5* 
steps.  Each  power  supply  accepts  five  different  input 
commands.  The  first  command  is  an  on/off  command 
which  tells  the  supply  to  go  to  re ro  or  the  commended 
voltage.  The  other  four  commands  are  a  digital  code 
which  tells  the  power  supply  what  voltage  to  produce. 
Those  four  inputs  provide  16  possible  voltages  which 
are  equally  spaced  in  about  one  volt  increments  from 
24  to  40  volts  OC.  By  providing  the  same  code  to  all 
10  output  power  supplies,  the  entire  40  volt  output 
system  can  be  controlled  from  40  volts  down  to 
24  volts  OC.  This  corresponds  to  approximately  5* 
steps  of  power  reduction  down  to  40*  of  output  power. 
Below  this  point,  pairs  of  power  supplies  are 
commanded  off-line  pair  by  pair  until  the  last  pair 
(one  in  each  cabinet)  is  delivering  about  5*  of  the 
full  transmitter  power. 

The  digital  power  supply  control  also  has  another 
use  in  this  transmitter.  Because  the  Driver  Amplifier 
does  not  require  40  volts  DC  to  produce  the  required 
drive  level,  its  power  supply  is  normally  commanded  to 
a  much  lower  output  level.  If  one  of  the  Drive 
amplifier  modules  should  fall,  an  automatic  control 
system  senses  the  reduction  in  Drive  power  and 
commands  a  higher  voltage  for  the  remaining  eleven 
modules  to  make  up  for  the  small  power  loss,  and  the 
Orive  stage  heals  Itself  automatically.  The  rallure 
information  is  detected  and  sent  to  the  front  panel 
display  for  operator  corractlve  maintenance. 

Figure  2  shows  the  Oriver  cabinet  which  contains 
all  the  transmitter  control  circuits  and  displays. 

The  circuit  breakers  can  be  seen  across  the  top  of  the 
cabinet.  The  RF  modules  can  be  seen  in  the  bottom 
center  with  the  two  power  supplies  on  the  bottom 
left.  The  Control  and  Monitor  Panel  is  Just  below  the 
circuit  breaker  panel.  It  contains  fault  indicators 
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for  all  the  power  supplies  and  RF  modules  in  the 
system  as  well  as  Indicators  for  various  cooling 
system  degradations.  A  meter  displays  auxiliary  power 
supply  voltages  and  all  key  RF  levels  in  the  system. 
Switches  are  provided  to  control  the  total  transmitter 
output  power  as  well  as  all  intermediate  RF  stages. 


POWER  SUPPLY  DESCRIPTION 

The  power  supply  operates  directly  off  of  a 
standard  three  phase,  3  wire,  440  vac  l-L,  60  Hz  power 
line  without  the  need  for  a  heavy  high  power  60  Hz 
step  down  transformer.  It  does  this  by  utilizing  a 
flyback  switch  configuration  which  recharges  the  pulse 
capacitors  of  the  RF  amplifiers  in  discrete  steps 
during  the  radar  interpulse  period.  Recharge  accuracy 
is  obtained  by  reducing  the  recharge  step  size  as  the 
power  supply  output  voltage  approaches  the  desired 
voltage  as  shown  in  Figure  3. 

Figure  4  shows  a  block  diagram  of  the  power 
supoly.  The  three  phase  AC  input  voltage  is  full  wave 
rectified  and  filtered  with  a  single  section  LC 
filter.  The  flyback  switch  drives  the  transformer 
primary  of  the  inverter  output  transformer.  The  power 
train  is  completed  with  an  output  rectifier  and  output 
capacitors.  These  output  capacitors,  which  are 
located  in  the  power  supoly,  are  only  a  small  portion 
of  the  total  load  capacitance. 

An  auxiliary  bias  transformer  provides 
stepped -down  AC  voltage  for  an  "inrush  suppression" 
circuit  and  for  the  "auxiliary  power  supply" 
circuitry.  The  inrush  suppression  circuit  Includes  an 
SCR,  a  small  control  circuit,  and  a  resistor  which 
limits  the  inrush  current  to  the  lC  filter  when  AC 
power  is  first  apolied  to  the  power  supply.  This 
helps  to  protect  the  input  rectifier  bridge  and  the 
capacitors  of  the  input  LC  filter.  The  SCR  is  gated 
on  and  maintained  on  wnen  tne  dc  voltage  on  the  LC 
filter  output  exceeds  a  set  threshold.  The  auxiliary 
power  supply  circuitry  provides  regulated  dc  voltages 
for  the  power  supply  control  circuitry.  It  also 
provides  unregulated  voltage  which  powers  the  driver 
circuitry  for  the  power  switching  transistors  of  the 
flyback  switch  assemoly. 

The  heart  of  the  power  supply  is  the  control 
circuitry,  which  provides  the  drive,  regulation, 
protection  and  monitoring  functions.  The  control 
circuitry  drives  the  inverter  transformer  on  after 
whicn  the  duration  of  the  inverter  transformer 
secondary  current  is  inversely  proportional  to  the 
power  supply  outout  voltage.  Therefore  the  time 
between  drive  pulses  is  made  a  function  of  power 
supoly  output  voltage  because  the  supply  is 
programmable  over  a  24  to  40  volt  range. 

when  the  Inverter  transistors  are  driven  on,  the 
primary  current  in  the  inverter  transformer  rises  and 
is  monitored  oy  a  current  transformer.  When  the 
outout  from  this  current  transformer  exceeds  a 
reference,  the  drive  pulses  are  terminated  thus 
limiting  the  peak  current  in  the  inverter  transistors 
under  all  conditions. 

A  four  bit  input  commend  generates  a  programmed 
reference.  A  sempleThold  circuit  is  used  to  sense  the 
power  supply  output  voltage  wnen  no  current  Is  being 
delivered  to  the  output  of  the  power  supply,  thereby 
avoiding  the  pulse  output  IR  drops  which  would  mask 
the  true  load  voltage.  The  sample  hold  output  is 
'"ompared  to  the  progressed  reference  to  create  an 
rror  signal  which  is  used  to  determine  which  of  two 
.Jrlve  pulse  widths  will  oe  selected.  As  the  error 
approaches  zero,  the  primary  current  limit  is  reduced 


and  this  lowers  the  step  size  from  the  inverter.  When 
the  error  signal  reaches  zero  all  Inverter  drive 
pulses  are  stopped. 

The  power  supply  Is  protected  against  low  drive 
power  and  continuous  output  short  circuits.  It  also 
protects  the  load  from  overvoltage  by  shutting  down  if 
an  overvoltage  Is  sensed.  The  power  supply  itself  is 
Inherently  protected  against  instantaneous  load  short 
circuits.  If  the  auxiliary  drive  dc  voltage  drape  too 
low,  all  drive  pulses  an  Inhibited.  This  protects 
against  weak  drive  to  the  inverter  switch 
transistors.  An  overcurrent  and  overvoltage  letch 
inhibit  can  only  be  reset  by  moeentarlly  removing  the 
AC  input  to  the  power  supply. 

A  circuit  monitors  the  power  supply  output  voltage 
and  gives  a  positive  indication  to  the  transmitter  if 
the  output  voltage  Is  within  a  window  around  its 
commanded  voltage.  The  reference  voltage  for  the 
window  detector  comes  from  the  reference  which  was 
programmed  by  the  4  bit  input  command.  The  sensed 
input  for  the  window  detector  is  derived  by  peak 
detecting  the  power  supply  output.  A  peak  detector  Is 
used  because  It  Is  the  peak  load  voltage  that  is  of 
interest  and  not  the  charging  voltage. 

A  positive  signal  on  the  remote  ON/OFF  input 
activates  an  optical  coupler  which  allows  inverter 
drive  pulses.  The  absence  of  this  input  signal  keeps 
the  power  supply  off.  A  high  speed  optical  coupler  is 
used  for  this  since  this  line  is  also  used  to  blank 
the  power  supply  during  the  radar  RF  pulse  and 
therefore  must  have  a  fast  response.  Optical  couplers 
are  used  on  the  remote  ON/QFF  irout  and  each  of  the 
4  bit  voltage  select  inputs  in  order  to  eliminate 
noise. 

Figures  5  and  6  show  front  and  rear  views 
respectively  of  the  power  supply.  The  unit  is  five 
inches  wide,  by  eleven  inches  high,  by  eighteen  inches 
deep  and  weighs  37  pounds.  The  power  supply  features 
blind  plug-ln  connections  with  all  Input  and  output 
connections  located  at  the  rear  of  the  unit. 

Cooling  of  the  power  supply  Is  accomplished  by 
forced  air  convection  with  blowers  located  external  to 
the  power  supply.  This  air  supply  is  monitored  in  the 
cabinet  for  all  power  supplies.  If  the  air  supply 
Becomes  deficient,  a  built  In  back  up  blower  is 
automatically  energized.  Air  enters  the  power  supply 
at  the  rear  and  exits  at  the  front.  A  handle,  located 
at  the  front  of  the  power  supply,  Is  useful  for 
inserting  or  withdrawing  the  power  supply  from  Its 
meting  cabinet. 


CONCLUSION 

Solid  stete  amplifiers  operate  at  considerably 
lower  voltages  than  the  traditional  vacuun  tube  and 
cavity  amplifiers  and  this  has  caused  a  new  spectrum 
of  requirements  for  high  current  technology 
development.  More  and  more  high  power  radar  systems 
are  including  solid  state  RF  transmitter  amplifiers. 
This  trend  has  developed  due  to  increased  availability 
of  reliable  and  affordable  high  power  RF  transistors. 
The  equipment  that  has  been  described  demonstrates 
that  high  power,  low  voltage  X  can  be  distributed  in 
an  efficient  and  controlled  manner.  Shipboard 
installation  of  this  equipment  is  planned  during  the 
next  year. 
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A ketroct 

Electron  tubes  require  different  modulator  drives  depending  on  their  de¬ 
sign  and  application.  A  shadow  grid  tube  requires  a  low  percentage  of  beam 
voltage  on  the  grid  electrode  to  control  beam  current,  but  it  must  swing 
positive  with  respect  to  cathode  and  will  draw  milliamps  of  current;  while  a 
focus  control  electrode  tube  will  require  a  much  higher  control  voltage, 
never  go  positive  with  respect  to  the  cathode  and  draw  much  less  than  one 
milliamp  of  current.  In  addition,  the  application  msy  require  either  pulse  or 
CW  operation,  or  some  combination  of  both.  Some  pulse  applications  re¬ 
quire  very  short  delays  from  input  to  output  in  both  rise  and  fall  and  most 
are  critical  as  far  as  variations  from  one  unit  to  the  next.  In  the  past,  a  new 
modulator  design  would  be  tailored  for  each  application.  However,  the  fol¬ 
lowing  modulator  design  addresses  all  of  the  above  problems  and  is  truly  a 
universal  design. 

The  following  is  an  outline  of  the  design  capabilities  of  this  universal 
modulator. 


mum  pulsewidth.  Total  rise  plus  delay  measures  60  nanoseconds  for  an  800- 
volt  string.  Cathode  voltage  isolation  to  25  ItV  and  pulse  repetition  rates  to 
100  kHz  can  be  achieved. 

The  above  design  is  compatible  with  power  hybrid  packaging  techniques, 
and  approximately  8  cubic  inches  of  volume  is  sufficient  to  package  the 
entire  modulator. 

Design  Details 

The  new  design  breaks  down  into  three  basic  parts:  the  low  voltage  mod¬ 
ulator,  whose  function  is  to  generate  ON  and  OFF  triggers  required  for  all 
possible  drive  conditions:  the  high  voltage  modulator,  whose  function  is  to 
transform  the  ON  and  OFF  triggers  into  the  high  voltage  pulse  required  to 
drive  the  tube  grid:  and  the  interconnecting  transformers,  which  provide  the 
voltage  isolation  required  to  float  the  high  voltage  modulator  at  the  cathode 
voltage. 


Pulsewidth: 
Pulse  String: 


PRR: 

Isolation: 

Delay: 

Size: 


0.2  ps  to  CW 

800  volts  achieved,  1500  volts 
believed  possible  divided  between 
*  and  -  supplies  as  required 
to  100  kHz 
25  kV 

60  ns  for  both  rise  and  fail 
Possible  to  be  packaged  into  power 
hybrid  package 


Schematics  and  timing  diagrams  will  be  shown  and  discussed  for  the 
above  design. 


Ref:  Westinghouse  Disclosure  AA-80-040  Patent  Application  is 
ring  prepared  by  Wright  Patterson  Air  Force  Base 


Designers  have  long  been  striving,  especially  in  ECM  applications,  to 
achieve  a  universal  microwave  power  amplifier  tube  modulator.  This  modu¬ 
lator  should  have  the  following  characteristics: 

•  Minimal  delay  plus  rise  time  for  repeater  operation 

•  Long  pulse  and  CW  capability  to  allow  the  jammer  to  employ  noise 
and  various  other  jamming  techniques 

•  Large  voltage  swing  for  modulating  tubes  employing  focus  anode 
control 

•  Reasonable  current  drive  capability  so  that  intercepting  grid  tubes, 
as  well  as  shadow  grid  (noaintercepting)  tubes,  can  be  controlled 

In  the  past,  modulator  designs  have  been  tailored  to  the  electron  tube 
they  were  to  drive.  Typically;  greater  voltage  swing  capability  resulted  in 
slower  rise  and  fall  times  and  longer  delays.  Wide  pulse  capability  also  re¬ 
duced  the  rise  and  fall  time.  Minimum  pulscsridths  were  limited  by  storage 
times  of  bipolar  transistors.  CW  operation  extended  rise,  fail,  and  delay 
•imes  into  the  microsecond  range. 

With  the  introduction  of  higher  voltage  Field  Effect  Transistors  (FET),  it 
it  now  possible  to  build  a  modulator  with  very  good  rise  plus  delay  charac¬ 
teristics  if  special  design  techniques  are  used.  FETs  also  make  it  possible  to 
achieve  very  short  pulsewidths  to  CW  because  they  have  no  storage  time 
and  require  very  little  power  to  maintain  the  ON  condition. 


New  Design 

The  design  presented  in  this  paper  makes  use  of  FETs  and  specie!  design 
itchoiquxi  to  provide  minimum  pulsewidths  of  0.2  microseconds  or  lets 
with  no  limit  on  the  maximum  pulsewidth.  CW  operation  is  achieved  with 
he  tame  rise,  fan,  end  delays  during  transitions  as  is  achieved  for  the  mini¬ 


High  Voltage  Section  of  Modelaler 

Figure  I  is  the  schematic  diagram  for  the  high  voltage  section  of  the  mod¬ 
ulator.  The  circuit  is  push-pull  using  two  high  voltage  N  channel  FETs.  The 
gate  drive  circuitry  makes  use  of  the  gate-to-source  capacitance  to  maintain 
the  drive  during  the  ON  condition.  An  ON  trigger  applied  io  terminals  I  A  2 
uid  5  A  6  will  charge  this  capacitance  of  the  ON  Switch  Ql  and  discharge  it 
through  Q3  for  the  OFF  switch  Q2.  When  an  OFF  trigger  is  applied  to 
terminals  7  A  8  and  3  A  4,  this  capacitance  will  be  charged  for  the  OFF 
switch  Q2  and  discharged  through  Q4  for  the  ON  switch  Ql .  The  voltage  is 
maintained  on  this  capacitance  while  the  switch  is  ON  by  the  blocking 
action  of  CRI  and  CR2.  The  value  of  the  B+  and  B-  supplies  is  limited 
only  by  the  maximum  voltage  capability  of  the  switch  FETs. 

The  circuitry  is  protected  from  the  tube  arcs  by  UK-  spark  gap  and  tram- 
zorbs  shown  on  the  schematic.  Because  of  the  more  than  adequate  drive 
capability  of  the  modulator,  the  additional  capacitance  loading  of  this  cir¬ 
cuit  presents  no  problem. 

Except  for  the  spark  gap,  everything  shown  can  be  packaged  in  a  power 
hybrid  which  greatly  reduces  the  volume  required. 

Low  Valtngx  Section  of  Modnintor 

Figure  2  shows  the  schematic  diagram  for  the  low  voltage  section  of  the 
modulator,  including  (he  isolation  transformers.  The  low  voltage  circuitry 
makes  maximum  use  of  FET*  in  order  to  maximize  speed  and  minimize 
delay.  The  9062  one-shots  are  used  because  of  their  high  speed  and  short 
timing  pulse  capability.  The  following  are  the  special  design  features  of  the 
low  voltage  section. 

•  One-shots  UIA  and  U2A  in  conjunction  with  transistors  Ql.  Q3, 
and  Q4  terminate  the  drive  on  QS  approximately  150  nanoseconds 
after  the  input  arrives  to  limit  the  bandwidth  required  for  the  pulse 
transformer  Tl. 

•  Likewise,  one-thots  UIA  and  DIB.  and  U4A.  in  conjunction  with 
transistors  Q6,  Q7,  and  Q9  provide  a  similar  narrow  pulsewidth 
drive  to  QI0  to  limit  the  required  bandwidth  for  pulse  transformer 
T2, 

•  One-shots  U2A  and  U2B.  in  conjunction  with  and  gate  U5A,  pro¬ 
vide  additional  ON  triggers  if  the  incoming  pulsewidth  is  longer  than 
60  microseconds.  Additional  ON  trigger  pulses  ate  generated  every 
60  irv-roatconds  until  the  incomming  pulse  is  terminated. 

•  One-shots  U3A  and  U3B  provide  a  similar  function  for  the  OFF 
trigger.  If  there  is  no  input  pulse  within  approximately  200  microeec- 
ondi,  another  OFF  trigger  wilt  he  generated. 

•  Again,  all  the  components  used  in  the  design  are  compatible  with 
hybrid  packaging,  which  greatly  reduces  the  required  volume. 
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Dotation  Pulse  Transformers 


These  transformers  are  shown  on  the  LV  modulator  schemaric.  The  sec¬ 
ondaries  will  be  floating  at  cathode  potential  in  actual  circuit.  Because  of 
the  narrow  pulsewidtbs.  only  two  turns  are  required  to  keep  the  magnetiz¬ 
ing  current  to  acceptable  levels.  This  low  number  of  turns  improves  leakage 
inductance  to  give  a  wide  bandwidth  transformer  capable  of  nanosecond 
rise  times.  This  is  required  to  minimize  delay  and  rise  times. 

In  addition,  the  small  number  of  turns  allows  HV  wire  to  be  used  for  one 
winding  to  provide  the  insulation  between  primary  and  secondary. 

The  combination  of  all  of  the  above  allows  the  size  of  the  described  trans¬ 
formers  to  be  very  small. 

Detail  Description  of  Circuit  Operation 

The  timing  diagram  shown  in  figure  3  is  for  operation  of  the  circuit  for 
narrow  and  very  wide  pulses.  The  input  pulse  is  shown  on  the  top  trace  and 
all  other  traces  are  labeled  by  a  letter  which  corresponds  to  the  letters  which 
appear  on  figure  2. 

For  pulscwidtlu  between  0.2  and  60  its,  the  input  pulse  is  reproduced  at 
point  (A)  because  input  US  A/2  remains  low  for  any  pulse  within  this  range. 
One-shot  U1A  is  triggered  by  the  rising  edge  of  the  (A)  signal  and  the  output 
pulse  (EH  is  produced  with  the  device  minimum  puisewidth.  The  propaga¬ 
tion  delay  for  the  9602  is  less  than  30  ns.  One-shot  U2A  is  triggered  on  the 
trailing  edge  of  U1  A/6  output,  and  its  output  (El  then  reproduces  the  input 
pulse  with  a  delay  of  about  130  ns.  This  output,  driving  Q3  and  Q4.  termi¬ 
nates  the  drive  to  Q3  IF)  which  comes  directly  from  'he  input,  through  Ql, 
with  very  little  delay  (less  than  3  ns)  and  limits  tne  maximum  Q3  drive 
puisewidth  to  approximately  130  ns. 

Signal  (C)  is  simply  the  input  pulse  delayed  by  the  propagation  of  two 
AND  gates,  which  is  less  than  23  ns.  Signal  (D),  generated  by  one-shot 
Ul/B,  which  is  triggered  on  the  trailing  edge  of  (Cl.  is  used  to  reset  one- 
shots  U2A  and  U4A  if  the  input  pulse  ends  before  the  one-shot  time  is 
complete. 


Signal  (K)  is  generated  by  U4A  one-shot  from  signal  (B).  the  same  as 
U2A;  however,  the  one-shot  time  is  longer  than  U2A.  Signal  (K)  is  used  to 
enable  the  OFF  drive  circuitry  so  that  when  the  input  goes  low,  drive  will  be 
applied  to  QI0  through  Q^  when  Q8  and  Q9  are  turned  off.  The  drive  pulse 
will  be  terminated  when  signal  (K)  is  reset  by  signal  (D). 

Signal  (N)  is  generated  by  one-shots  (J3A  and  1/3B,  which  act  as  an  oscil¬ 
lator  to  produce  a  pulse  every  200  its  if  no  on  trigger  occurs  within  that 
period.  The  ON  trigger  is  represented  by  signal  (L). 

Signal  (O)  is  the  OR'd  combination  of  (K)  and  IN)  and,  since  there  is  no 
input  signal  when  the  (N)  portion  is  generated,  a  short  OFF  pulse  drive  will 
reach  QI0  by  way  of  Q6  and  Q7. 

In  the  high  voltage  circuitry  shown  in  Figure  1 ,  the  ON  trigger  charges  the 
gate-to-source  capacitance  of  Ql  to  turn  it  ON  through  CR1,  which  blocks 
discharge  through  the  transformer  after  the  ON  trigger  terminates.  It  alto 
turns  on  Q3.  which  discharges  the  gate-to-source  capacitance  of  Q2  to  turn 
it  OFF. 

When  the  OFF  trigger  is  generated,  the  operation  reverses.  The  OFF  trig¬ 
ger  charges  the  gate-to-source  capacitance  of  Q2  to  turn  it  ON  through 
CR2.  which  blocks  discharge  through  the  transformer  after  the  OFF  pulse 
terminates.  The  OFF  trigger  also  turns  on  Q4,  which  discharges  the  gate-to- 
source  capacitance  of  Ql  and  turns  it  OFF. 

The  spark  gap  and  transzorbs  shown  in  the  HV  modulator  schematic  are 
used  to  protect  the  modulator  during  electron  tube  arcs.  Capacitors  C I  and 
C2  provide  the  peak  currents  required  to  charge  the  electron  tube  grid  ca¬ 
pacitance  during  the  rapid  rise  and  fall,  and  diodes  CR3  and  CR4  limit 
voltage  transients  which  exceed  B  + . 

For  ON  pulsewidths  from  60  its  up  to  and  including  CW  operation,  the 
following  is  a  description  of  circuit  operation. 

Circuit  operation  is  identical  to  that  described  above  until  one-shot  U2A. 
which  is  set  at  60  its.  times  out  [signal  (E)|.  This  allows  drive  to  reach  Q3  IF) 
through  Ql  when  Q3  and  Q4  are  turned  OFF.  At  the  same  time.  U2B  trig- 
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gets  on  this  erf ge  and  completes  a  minimum  one-shot  timing  cycle  which 
removes  the  input  from  U3A/2  for  the  duration  of  this  cycle. 

When  the  input  U5A/2  returns  at  the  end  of  the  cycle,  it  will  cause  one- 
shot  LMA  to  retrigger,  which  in  turn  retriggers  U2A  to  terminate  the  drive  to 
Q3.  (signal  <F)|  again.  The  time  to  complete  this  cycle  is  approximately  130 
ns  so  that  the  retrigger  pulses  are  the  same  width  as  the  original. 

U4A  one-shot  time  is  set  longer  than  U2A  so  if  the  input  terminates  while 
another  ON  trigger  is  being  generated,  signal  (K)  is  guaranteed  to  be  low  to 
allow  generation  of  an  OFF  trigger. 

The  high  voltage  modulator  operation  is  identical  to  the  prior  descrip¬ 
tion.  Multiple  ON  triggers  will  keep  the  gate  of  Q1  charged  and  the  gate  of 
Q2  discharged. 


Summary  of  New  Design  Advantages 

In  general,  the  following  is  a  summary  of  the  design  advantages  which 
make  this  a  truly  universal  design. 

•  Pulsewidth  from  0.2  tit  to  CW  and  large  voltage  swing  capability 
allow  the  design  to  be  used  on  a  wide  variety  of  pulse  and  CW 
transmitters  for  both  radar  and  ECM  applications.  Voltage  swing 
capability  can  be  increased  without  redesign  as  higher  voltage  power 
FETs  become  available. 

•  The  selection  of  circuit  components  is  compatible  with  power  hybrid 
packaging  and  requires  very  little  volume. 

•  The  delay  times  are  very  short  and  predictable,  which  is  very  impor¬ 
tant  for  both  radar  and  ECM  applications,  and  the  design  itself  is 
simple  and  easy  to  build. 
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Sunmary 

After  transformation  for  its  part  time  use  as  a 
pjS  collider,  the  CERN  400  GeV  accelerator  (SPS)  is 
equipped  with  two  new  fast  inflectors  for  protons  and 
antiprotons. 

The  new  proton  inflector  has  been  designed  for  in¬ 
jection  energies  up  to  26  GeV  and  can  fill  the  SPS  with 
up  to  5  proton  batches  for  fixed  target  operation  and 
with  short  proton  bunches  during  collider  operation. 

It  consists  of  12  delay  line  type  kicker  magnets  of 
0.7  m  length  each  with  parallel  plate  matching  capa¬ 
citors  under  vacuum.  The  magnets  are  powered  in 
parallel  pairs  by  pulses  wich  a  kick  rise  time  of  145  ns; 
a  duration  of  up  to  12  us  and  a  current  amplitude  of 
2.4  kA.  The  pulses  are  generated  in  pulse  forming  net¬ 
works  charged  to  a  voltage  of  60  kV  and  discharged  by 
double  cathode  thyratrons. 

The  antiproton  inflector  comprises  3  independent 
kicker  systems  which  create  a  fast  compensated  bump  for 
multiturn  injection.  The  magnet  modules  are  of  the  same 
design  as  the  modules  of  the  proton  inflector.  The 
generators  consist  of  cable  pulse  forming  networks  of 
400  ns  electrical  length  and  2.4  kA  current  amplitude, 
each  discharged  by  its  own  thyratron.  The  jitter  of  the 
timing  is  less  than  5  ns  over  several  weeks. 

The  design  and  the  performances  of  both  inflectors 
as  well  as  the  operational  experience  will  be  presented 
and  discussed. 

Introduction 

The  CERN  400  GeV  proton  synchrotron  (SPS)  has  been 
transformed  during  a  long  shutdown  in  1980/1981  for  its 
part-tisie  use  as  a  proton-antiproton  (pp)  collider. 
Antiprotons  at  a  momentum  of  3.5  GeV/c  are  produced  in 
a  target  by  a  high  intensity  proton  beam  which  is 
extracted  from  a  pre-accelerator  (CPS)  at  a  momentum 
of  26  GeV/ c.  The  production  efficiency  is  only  about 
10~6.  Therefore,  more  than  104  ji  pulses  are  accumu¬ 
lated  in  a  small  storage  ring  for  about  one  day  co 
achieve  sufficient  intensity.  Antiprotons  are  then  pre- 
eccelerated  to  26  GeV/c  in  the  CPS  and  sent  to  the  SPS 
in  3  short  high  intensity  bunches,  each  of  5  ns 
duration,  via  a  specially  built  transfer  line.  In  the 
SPS,  which  has  already  been  filled  with  3  bunches  of 
counter  rotating  protons,  all  6  bunches  are  accelerated 
to  270  GeV/c,  the  maximum  energy  which  the  SPS  can 
achieve  in  d.c.  operation.  The  particles  collide  then 
with  a  center  of  mass  energy  of  540  GeV  at  6  inter¬ 
action  points  of  which  2  are  equipped  with  sophisticated 
detectors  for  physics  experiments”  .  The  pp  complex 
has  been  brought  into  operation  in  1981  and  its  per¬ 
formance  is  now  being  actively  developed.  Experiments 
have  been  performed  at  a  center  of  mass  energy  of 
540  GeV  using  2  p  bunches  and  1  p  bunch.  Their  res¬ 
pective  intensities  per  bunch  were  6.1010  and  5-109 
particles.  The  initial  luminosity  is  about  10z'cs  i  . 

In  addition  to  the  transformation  of  the  SPS  into 
a  pp  collider,  an  intensity  improvement  program  is  being 
exacuced  wich  the  aim  of  increasing  che  beam  intensity 
for  fixed  target  operation2).  This  program  foresees 
to  sccelerace  protons  repeatedly  in  the  CPS  co  10  GeV/c 
and  to  place  them  successively  around  the  circumference 
of  che  SPS,  where  they  are  circulating  at  injection 


momentum  until  the  ring  is  filled  and  the  acceleration 
to  400  GeV/c  can  start .  This  scheme  has  been  described 
in  a  previous  report2) . 

Apart  from  an  antiproton  inflector  (MKA) ,  these 
modifications  and  improvements  of  the  SPS  required  also 
a  new  proton  inflector  (MKP)  for  two  reasons: 

-  For  pp  operation,  che  injection  momentum  had  Co  be 
raised  from  10  GeV/c  to  26  GeV/c,  to  avoid  perturbing 
che  shore,  high  intensity  proton  bunches  at  transition. 

-  For  the  injection  of  up  to  5  bunches  for  fixed  target 
operation,  a  rise  time  of  the  magnetic  field  of  less 
than  175  ns  was  required  which  is  about  4  times 
shorter  chan  that  of  the  previous  inflector. 

This  paper  gives  a  general  description  of  both 
inflector  systems.  Thereafter,  the  magnet  modules  and 
the  pulse  generators  are  discussed  in  more  detail. 
Emphasis  is  put  on  the  technical  aspects,  as  the  theo¬ 
retical  problems  have  been  treated  in  a  previous 
paper4) .  Finally,  the  performance  and  the  operational 
experience  will  be  discussed. 

System  Description 
The  Proton  Inflector 

Performance  requirements:  The  maximum  required 
injection  angle  is  about  5  mrad,  corresponding  to  a 
kick  strength  of  0.43  Tm  at  maximum  injection  momencum 
(Table  1) . 

Table  1 

Performance  Requirements  of  Inflectors 

Inflector 


Proton 

Antiproton 

Maximum  injection  momentum  (GeV7c) 

26 

26 

Deflection  angle  (mrad) 

5 

1 

Kick  strength  (Tm) 

0.43 

0.087 

Kick  flat  top  duration  (us) 

1-12 

0.2 

adjustable 

fix 

Kick  rise  time  (ns) 

175 

600 

Kick  fall  time  (ns) 

1300 

600 

Aperture  (width  x  height,  tan) 

type  S 

100  x  61 

_ 

type  i. 

140  x  54 

140  x  54 

Repetition  rate 

5  pulses. 

2.4  s 

0.65  s 
apart , 
within  12 

s 

Gas  pressure  in  vacuum  esnk  (Torr) 

2.10*9 

1 

o 

e— S 

M 

The  pulse  duration  is  determined  by  che  different 
injection  requirements:  for  fixed  target  operation, 
between  2  and  5  proton  batches  oust  be  injected  de¬ 
pending  on  che  required  intensity.  Two  batch  injection 
requires  a  pulse  duration  of  11.5  us  which  aist  be  re¬ 
duced  co  4.2  ua  for  the  injection  of  5  batches.  The 
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latter  option  determines  the  required  rise  time  of  the 
magnetic  field. integrated  along  the  path  of  Che  protons, 
to  about  175  ns.  This  latter  parameter  is  called  "kick 
rise  time"  in  the  following.  For  pp  operation  3  bunches 
of  5  ns  duration  muse  be  injected  equidistantly  around 
1  the  SPS  circumference  at  an  energy  of  26  GeV.  This  is 
done  with  pulses  of  about  1  us  duration. 

Main  parameters:  In  view  of  the  performance  re¬ 
quirements  given  above,  the  main  parameters  of  the 
system  are  chosen  in  the  following  way: 

As  for  all  other  fast  pulsed  magnet  systems  at  Che 
SPS,  the  maximum  voltage  of  the  generators  is  limited  to 
60  kV.  This  level  guarantees  reliable  operation  of  the 
thyratron  switches  at  pulse  durations  exceeding  10 ys. 

It  allows  furthermore  the  use  of  standard  coaxial 
cables  type  RG  220/U,  connected  in  parallel,  as  trans¬ 
mission  line  beeween  the  generators,  located  in  an  au¬ 
xiliary  building  on  the  surface  and  Che  magnets,  housed 
60  m  underground  in  Che  accelerator  tunnel. 

With  aperture,  voltage  and  strength  of  the  ma- 
gencic  field  fixed,  the  system  must  be  split  into  twelve 
independent  magnet  modules  in  order  to  achieve  Che  re¬ 
quired  short  kick  rise  time.  Eight  of  the  modules, 
with  an  aperture  (vertical  x  horizontal)  of  61  mm  x 
100  am  (type  S),  are  used  at  the  injection  momenta  of 
i  10  GeV/c  as  well  as  26  GeV/c.  Their  kick  rise  time  is 

145  ns.  The  remaining  four  modules  which  require  for 
beam  opcical  reasons  an  aperture  of  54  on  x  140  non 
(type  L) ,  are  only  required  for  injection  at  26  GeV/c. 

|  For  standardization  reasons,  all  modules  have  Che  same 

magnetic  length  of  0.7  m.  Because  of  the  larger 
aperture  ratio,  che  field  rise  time  of  the  ML"  modules 
|  is  220  ns. 


The  inductance  of  che  magnet  modules  is  matched  to 
the  characteristic  impedance  of  che  system  by  parallel 
place  capacitors  inside  the  vacuum  tank  (delay  line-type 
construction) ,  in  order  to  achieve  a  good  pulse  res¬ 
ponse  with  negligible  reflections  of  the  wave  front. 

For  similar  reasons,  a  characteristic  impedance  of 
12.5  2  has  been  chosen  for  the  magnet  modules,  the 
highest  value  which  can  be  accomodated  in  the  available 
space.  The  transmission  lines  are  composed  of  4  coaxial 
cables  in  parallel  each  with  a  characteristic  impedance 
of  so  a. 

The  pulse  generators  are  lymped  element  pulse 
forming  networks,  equipped  with  three  switches,  in 
order  to  produce  pulses  of  adjustable  duration  and  short 
fall  time.  For  reasons  of  economy,  two  magnet  modules 
are  connected  in  parallel  to  one  generator  whose  cha¬ 
racteristic  impedance  is  therefore  6.25  0.  The  parallel 
configuration  is  acceptable  because  the  contribution  of 
the  generator  to  the  kick  rise  time  is  small. 

The  electrical  block  diagram  of  one  system  is  shown 
in  Fig.  1.  Table  2  summarizes  the  main  parameters. 

The  Antiproton  Inflector 

Injection  principle:  The  antiprotons  are  injected 
into  the  SPS  through  the  channel  which  is  normally  used 
for  the  extraction  of  protons  in  opposite  direction  at 
an  energy  of  400  GeV.  Before  entering  the  first  pair 
of  kickers,  (MKA  1,2,  Fig.  2a),  the  antiprotons  pass 
an  electrostatic  septum  (ES)  which  provides  a  region  of 
strong  electrostatic  field  to  deflect  the  incoming  par¬ 
ticles,  adjacent  to  a  region  of  vanishing  field  where 
the  particles  circulate  after  injection.  The  electro¬ 
static  field  is  generated  between  an  array  of  wires  of 
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Fii  1  -  Electrical  block  diagram  of  proton  inflector 
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whose  centers  are  roughly  1  bunch  diameter  plus  Che 

septum  thickness  apart,  travel  then  to  the  first  kicker 

pair,  one  betatron  wave  length  downstream  from  the 

second  pair,  where  the  oscillation  is  cancelled.  'y 

A  fifth  l'icker  is  necessary,  when  the  wave  length  of  \ 

betatron  oscillation  is  not  equal  to  the  distance 

between  the  two  pairs  of  kickers. 


0.1  sa  thickness  (the  septum  itself)  at  earth  potential 
and  an  h.t.  electrode.  For  the  injection  of  the  first 
3p  bunches  which  are  equidiscantly  placed  around  the 
SFS  circumference,  only  the  first  pair  of  kickers  is 
excited. 

Table  2 

Main  Inflector  Parameters 

Inf lector 

Proton  Antiproton 


Maximum  generator  voltage 

(kV) 

60 

60 

Characteristic  impedance 

(I.) 

generator 

6.25 

12.5 

magnet 

12.5 

12.5 

Current  amplitude  in  generator  (kA) 

4.8 

2.4 

Number  of  magnet  modules 

12 

5 

Number  of  vacuum  tanks 

3 

3 

Magnetic  lengch  of  module 

(m) 

0.7 

0.7 

Kick  rise  time  (2Z  -  98Z) 

(ns) 

type  S 

145 

- 

type  L 

220 

220 

Kick  fall  time  (98Z  -  2Z) 

(ns) 

690 

220 

System  time  jitter  (ns) 

<  5 

<  5 

Thyratron  type  (EEV) 

CX1171B 

CX1171A 

Main  parameters;  The  pulse  duration  of  the  p- 
inf lector  can  in  principle  be  very  short,  as  the  anti- 
proton  bunch  length  is  only  5  ns.  Nevertheless,  a  kick 
flat  top  duration  of  about  200  ns  has  been  chosen  to 
avoid  deflection  errors  due  to  jitter  or  drift  of  the 
anode  delay  time  of  the  electronic  switches.  As  protons 
are  injected  prior  to  antiprotons,  the  kick  rise  and 
fall  times  must  be  shorter  than  600  ns  to  avoid  de¬ 
flecting  the  counter  rotating  protons.  The  injection 
angle  is  about  1  mrad  corresponding  to  a  kick  strength 
of  0.086  m  Tm  at  an  energy  of  26  GeV  (Table  1). 


The  electrical  circuit  of  the  magnet  has  been  de¬ 
signed  by  means  of  computer  modeling  in  order  to  obtain 
an  optimum  pulse  response.  Only  circuits  in  which  the 
inductance  of  the  one-turn  conductor  is  subdivided  into 
serveral  sections  which  are  connected  to  capacitors  to 
form  a  matched  LC  ladder  network,  give  an  acceptable 
pulse  response  ^ .  The  adopted  circuit  is  composed  of  >.  a 
22  cells.  This  is  a  compromise  between  the  requirements 
for  pulse  response  and  size  of  the  capacitor  plates. 


For  the  yoke  cross-section,  a  C-shape  was  chosen 
with  shims  at  the  edges  of  the  pole  profile  near  the 
open  side  of  the  gap,  to  improve  the  field  quality  in 
radial  direction  (Fig.  3).  The  return  conductor  is 
essentially  inductance  free  and  can  be  earthed  at  the 
magnets  input  and  output.  Compared  to  a  window-frame 
magnet,  the  C-shaped  cross-section  allows  therefore  to 
use  coaxial  feedthroughs  with  earthed  outer  conductc  s 
It  avoids  furthermore  the  risk  of  flash-over  between 
the  conductors  along  the  ferrite  surfaces. 


Construction 


For  standardization  reasons,  the  design  of  the 
magnet  modules  is  the  same  as  for  the  modules  of  the 
proton  inflector.  Esch  module  has  its  own  cable  pulse 
forming  network  with  a  characteristic  impedance  of 
12.5  0,  charged  to  a  maximum  voltage  of  60  kV  and  dis¬ 
charged  by  a  ceramic  thyratron.  The  main  parameters 
are  listed  in  Table  2. 

The  Magnet  Modules 

Electrical  Circuit 


Yoke  configuration 


Fig.  2  -  Injection  of  antiprotons  (schematic) 

a)  Layout 

b)  Radial  posit  ion  of  bunches  in  the 
electrostatic  septum 


To  increase  the  particla  intensity,  it  is  fore¬ 
seen  to  inject  antiprotons  up  to  3  times  into  the  same 
longitudinal  SPS  poeition  (radial  stacking).  This  is 
done  in  the  following  way:  tha  second  pair  of  kickers 
(MHA  3,4)  deflects  a  circulating  antiproton  bunch  and 
brings  it  in  a  coherent  becatron  oscillation  near  to 
the  zero  field  tide  of  the  septum.  The  timing  of  the 
next  injection  ie  than  arranged  such,  chat  at  the  sane 
moment  a  new  bunch  arrives  through  Che  injection  channel 
at  tha  septuma  high  field  tide  (Fig.  2b).  Both  bunchei 


The  high  rate  of  current  rise  calls  for  a  high 
resistivity  Ni-Zn  ferrite  as  magnetic  rtaterial.  The 
Philips  type  8C11  has  been  chosen  because  of  Its  high 
saturation  induction  (B  *  0.3  T  at  lOOeand  20°  C)  and 
its  low  coercitive  force  (He  *  0.25  Oe) .  This  material 
has  furthermore  excellent  vacuum  properties  due  to  ics 
low  porosity  (g  >  5.1  g/cnP).  It  is  manufactured  in 
C-cores  of  overall  dimensions  195  mm  x  136  mm  x  26  am. 
Twenty-two  of  these  bricks,  interleaved  with  AlMg3 
plates  of  sbout  40  cm  x  -r>  cm  area,  form  the  h.t.  part 
of  che  magnet  module,  vich  a  length  of  about  0.7  m.  On 
each  side  of  these  capacitor  places,  at  a  distance  of 
about  4  am,  similar  AlMg3  plates  are  mounted  as  earth 
electrodas  of  che  matching  capacitors. 

The  characteristic  impedance  of  the  system  is  de¬ 
termined  by  adjusting  individually  che  distance  between 
the  cepecitor  pletet.  A  photograph  of  the  magnet  as¬ 
sembly  is  given  in  Fig.  4. 
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Fig.  3  -  Cross-section  of  Che  magnet  module  type  S  in  its  vacuum  tank 


The  magnet  is  excited  hy  a  one-turn  high  voltage 
conductor  of  61  ass  height  and  3  no  width  (type  S) ,  fixed 
tightly  into  the  ferrite  gap  and  providing  the  inter- 
connectiona  Between  the  h.c.  capacitor  places  (Fig.  3). 
pe  earthed  return  conductor  of  2,5  ms  thickness  is  placed 
in  front  of  the  open  side  of  the  C  cores  at  a  distance 
of 6.5mm  from  the  ferrite.  It  is  fixed  to  support-plates 
which  form  the  base  of  the  earth  electrodes  of  the  ca¬ 
pacitors.  In  case  of  bad  steering,  the  proton  beam  can 
hit  the  return  conductor.  To  avoid  damaging  the  magnet 
module,  the  return  conductor  is  made  of  heryllium,  into 
which,  due  to  its  low  density,  only  a  small  amount  of 
beam  energy  can  be  deposited. 


The  Vacuum  Tank 


All  magnet  modules  are  housed  in  vacuum  tanks  of 
omega  cross-section.  The  3  tanks  of  the  proton  inf  lector 
are  each  about  3.5  m  long  and  contain  4  modules  (Fig.  5), 
whereas  2  modules  are  housed  in  each  of  the  2  shorter 
tanks  of  the  antiproton  inflector.  The  modules  are  po¬ 
sitioned  and  aligned  in  a  coenon  frame  which  poses  at 
3  points  on  Che  base  plate  of  the  tank.  The  omega 
shaped  cover  has  the  same  diameter  of  0.7  m  for  all  tanks 
and  is  equipped  with  flanges  for  alignement-supports  and 
connections  to  Che  adjacent  vacuum  chambers.  An  8  m  long 
aluminium  gasket  of  diamond  cross-section  provides  the 
•if"  tightness  between  base  plate  and  cover. 


Fig.  4  -  Assembly  of  a  magnet  module 
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Fig.  5  -  Longitudinal,  section  through  the  vacuum  tank  of  the  proton  inflector,  showing  4  modules  in  their  frame, 
terminating  resistors  and  vacuum  pumps 


The  canks  are  made  of  electro-slag-ref ined  stain¬ 
less  steel,  type  304L,  and  despite  their  size  have  been 
stress  relieved  at  a  temperature  of  960°  C.  The  long 
tanks  are  equipped  wich  4  sputter  ion  pumps  with  a 
pumping  speed  of  360  i/a  each.  In  addition,  4  titanium 
sublimation  pumps  are  used  to  shorten  the  pump  down 
time.  For  the  smaller  tanks,  half  the  number  of  pumps 
provide  about  the  same  specific  pumping  speed.  To 
achieve  the  design  pressure  of  2.10"9  Torr,  all  mecellic 
surfaces  (about  100  m2  per  large  tank)  undergo  a 
thorough  chemical  cleaning  procedure.  The  ferrite 
blocks  are  backed  at  400°  C  under  vacuum  prior  to 
assembly.  Fig.  6  shows  the  positioning  of  the  modules 
into  the  frame  of  a  large  tank. 


Fig.  4  -  The  4  modules  of  the  proton  inflector 
on  the  base  plate  of  the  vacuum  tank 


Terminating  Resistor 


The  first  and  last  capacitor  plate  of  the  magnet 
are  connected  via  short  matched  striplines  to  coaxial 
feedthroughs  in  the  base  plate  of  the  vacuum  tank. 

On  the  input  side,  a  silicone  insulaced  connector  box 
with  4  coaxial  h.t.  sockets  receives  the  cable  con¬ 
nectors  of  the  transmission  line  from  the  pulse  gene¬ 
rator.  On  the  output  side,  a  coaxial  matched  resistor 
has  a  particularly  low  stray  inductance  and  is  designed 
to  hold  a  voltage  of  30  kV.  It  is  built  up  of  10  Alien- 
Brad  ley  ceramic  resistor  discs,  each  l  inch  thick  with 
3  inches  outer  diameter  and  a  central  hole  of  1.25 
inches,  mounted  in  a  coaxial  housing  and  insulated  and 
cooled  with  silicone  fluid.  The  discs  are  interleaved 
with  flat  metallic  spirals  which  provide  a  good  elec¬ 
trical  contact  and  permit  an  efficient  flow  of  the 
cooling  liquid.  A  resistor  of  similar  design  has  been 
described  previously^)  . 

The  Pulse  Generators 
The  Proton  Inflector 

The  requiresients  on  the  excitation  pulse  call  for 
a  lumped  elamenc  pulse  forming  network  (PFN)  discharged 
by  3  switches:  A  "maid' switch  initiates  the  discharge, 
a  "clipper”  shortens  the  tail  of  the  pulse  and  a  "dump" 
switch  discharges  any  residual  energy  of  the  pulse 
forming  network.  To  achieve  short  rise  and  fall  times, 
stray  inductances  between  switch  and  pulse  forming 
network  must  be  minimised.  Therefore,  the  switches  are 
mounted  directly  on  top  of  the  FFN  (Fig.  7).  To  avoid 
interference  between  them,  all  switches  are  housed  in 
their  own  metallic  tank  (Fig.  8)  and  are  branched 
through  separate  coaxial  "plug-in”  connections  to  the 
appropriate  position  of  the  PFN.  This  type  of  cons¬ 
truction  allows  in  addition  a  rapid  exchange  of  switch 
tanks  in  case  of  thyratron  faults. 
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Fig.  7  -  Mechanical  assembly  of  the  pulse  generator  of  the  proton  inflector 


The  physical  separation  between  the  anodes  of 
main  and  clipper  switches  introduces,  however,  an  un¬ 
wanted  stray  inductance  which  is  suppressed  by  con¬ 
necting  both  anodes  via  a  matched  stripline.  The  36 
cells  of  the  PFN  are  arranged  in  2^  rows.  They  are 
composed  of  cepacitors  of  30  OF  and  solenoids  of 
1.17  pH,  giving  a  characteristic  impedance  of  6.25  0. 
The  capacitors  of  cylindrical  shape  have  an  insulating 
oucer  case  and  are  mounted  over  nine  thenth's  of  their 
length  into  metallic  pots  which  are  fixed  vertically 
into  the  base  plate  of  the  PFN  tank.  Constructional 
details  of  the  prototype  generator  have  been  reported 
previously^) . 

The  switches  are  three-stage  ceramic  deuterium 
filled  thyratrons  with  2  cathode  assemblies,  type  EEV 
CX1171B.  Double  ended  thyratrons  are  required  because 
of  the  large  product  of  flat  top  current  and  pulse 
duration  (4.8  U  x  12  us)  which  cannot  be  handled  by 
single  ended  tubes. 

Two  pulse  generators  are  charged  in  parallel  by 
one  resonant  charging  power  supply-*) .  The  resonant 
charging  allows  to  operate  the  thyratrons  at  a  higher 
gas  pressure.  This  measure  decreases  their  plasma 
formation  time  and  hence  the  rise  time  of  the  current 
pulse.  It  reduces  furthermore  the  risk  of  quenching 
and  prolongs  therefore  the  lifetime. 

The  Antiproton  Inf lector 


The  short  excitacion  pulse  is  generated  in  a  cable 
pulse  forming  network  of  40  m  length,  composed  of 
4  coaxial  cables  in  parallel,  each  with  a  characteristic 
impedance  of  50  0.  This  PFN  is  discharged  through 
a  three  stage  ceramic  thyratron,  type  EEV  CX117U  .  The 
cable,  manufactured  by  Felten  6  Cuilleaume,  Cologne, 
has  an  outer  diameter  of  46  mm,  an  ionization  inception 
voltage  above  45  kVgjjs  and  an  attenuation  at  30  MHz  of 
ldB/100  m.  Its  solid  inner  copper  conductor  is  fitted 
with  a  semi-conducting  layer,  over  which  the  low  den¬ 
sity  polyethylene  insulation  is  extruded  in  one  passage. 

A  thin  layer  of  brushed  graphite  is  applied  to  the 
oucer  polyethylene  surface,  Co  improve  Che  voltage 
holding.  Two  aluminium  foils,  one  mounted  axially,  the 
other  wrapped  tangentially,  form  together  with  a  tinned 
copper  braid  the  outer  conductor.  Due  to  its  compa¬ 
rably  high  impedance  and  its  braided  outer  conductor, 
the  cable  has  a  bending  radius  of  only  0.7  m  which 
facilitates  handling  and  installation. 

The  coaxial  cable  connector,  designed  for  a  with¬ 
stand  voltage  of  60  kV,  is  a  constructional  element  of 
particular  interest.  The  connector  socket  on  Che 
tank  has  an  epoxy  insulator  with  a  conical  aperture, 
into  which  the  cable  plug  is  fitted  under  high  axial 
pressure.  To  avoid  breakdown  via  air  gaps  along  the 
mating  surfaces  between  socket  and  cable  plug,  a  soft 
polyurethane  layer  ie  moulded  onto  the  conically  ma¬ 
chined  polyethylene  insulation  of  the  cable  (Fig.  9). 

The  same  design  ie  used  for  the  smaller  RG  220/U  con¬ 
nectors.  More  chan  600  of  these  connectors  are  in  use 
in  Che  SPS  and  their  operational  reliability  is  excellent. 


For  reasons  of  short  pulse  rise  time,  also  the 
antiproton  inflector  is  equipped  with  resonant  charging 
power  supplies. 


Performance 


Magnets 

The  kick  of  the  magnetic  field  is  measured  at  a 
voltage  of  20  V  by  integrating  the  voltage  difference 
between  the  first  and  last  capacitor  plate  using  a 
trapezoidal  pulse  with  fppropriaca  rise  time.  Comple¬ 
mentary  measurements  are  made  with  a  matched  stripline 
probe.  The  probe  measurements  are  then  repeated  at 
high  voltage.  Fig.  10  shows  the  kick  rise  time  of  a 
proton  inflector  module  (type  S)  at  a  generator 
voltage  of  60  kV;  Fig.  11  gives  Che  kick  signal  of  Che 
5  inflector  derived  from  low  voltage  measurements. 

The  non-uniformity  of  the  magnetic  field  across 
the  horizontal  plane  is  determined  in  computer  simu¬ 
lations  and  checked  with  a.c.  probe  measurements.  Apart 
from  a  small  region  near  the  return  conductor  which 
cannot  be  occupied  by  the  beam,  the  non-uniformity  is 
negligibly  small. 


Fig.  10  -  Kick  rise  time  of  the  proton  inflector 

(module  S)  measured  at  a  generator  voltage 
of  60  kV 


Fig.  11  •  Kick  signal  of  antiproton  inflector, 
derived  from  low  voltage  probe  mea¬ 
surements 


Fig.  9  -  Cable  plug  with  polyurethane  layer 


The  electrodes  of  the  h.  t.  capacitors  with,  a  total 
ares  of  15  or  per  module  under  an  electrical  screes  of 
up  to  75  kV/ca,  are  conditioned  with  d.c.  rather  chan 
pulsed  voltage.  Because  of  Che  large  electrode  area 
ani  cha  correspondingly  large  predischarge  current  at 
high  voltages,  Che  current  is  progressed  to  raise  li¬ 
nearly,  until  a  spark  occurs  or  a  present  voltage  of 
35  kV,  corresponding  to  a  stress  of  35  kV/cm,  is 
reached.  After  each  conditioning  spark  the  current  am- 
plicude  restarts  at  zero.  Coopered  to  a  constant  con¬ 
ditioning  current,  a  raising  current  results  in  a  aore 
regular  increase  in  voltage  holding.  This  conditioning 
aethod  has  been  found  ouch  faster  and  aore  efficient 
chan  che  usually  applied  conditioning  with  a  pulsed 
voltage. 

Although  cests  on  a  full  scale  prototype  module 
had  shown  excellent  voltage  holding  at  stresses  up  to 
120  kV/ca,  the  withstand  voltage  of  the  final  modules 
was  initially  insufficient  due  to  magnesiua  oxide  par¬ 
ticles  which  stuck  loosely  to  the  AlMg3  electrode 
surface  and  were  not  removable  with  chemical  cleaning 
methods.  On  the  prototype  plates  which  came  from  a 
different  deliver  bacch,  these  particles  had  not  been 
found.  Etching  away  a  layer  of  20  pm  thickness  from  the 
elecCrode  surface  in  anaqueous  solution  of  caustic  soda 
cured  chis  problem.  Though  the  etchingincreased  the 
surface  roughness,  all  modules  could  be  reliably  con¬ 
ditioned  at  vo L cages  exceeding  35  kV. 

Pulse  Generators 

The  flat  top  ripple  of  che  Long  pulse  of  the  proton 
inf  lector  is  minimised  to  less  than  ♦  LZ  by  adjusting 
at  low  voltage  che  inductances  of  the  solenoids  while 
the  pulse  forming  network  is  discharged  with  a  mercury 
weeted  relay.  Prior  to  installation  each  pulse  ge- 
eracor  is  tested  at  design  voltage  with  l(P  pulses, 
typical  oscillogram  of  the  current  in  the  termination 
•sistor  is  shown  in  Fig.  12.  Because  of  the  large 
product  of  current  amplitude  and  pulse  duration,  it  is 
important  chat  the  main  thyratron  operates  at  a  high 
reservoir  voltage  to  avoid  short  current  interruptions 
in  the  pulse  flat  top  (quenching) . 


Fig.  13  -  The  6  pulse  generators  of  the  proton 
inflector  system  installed  in  the 
auxiliary  building 

Operational  Experience 

Boch  injection  systems  are  in  operation  since 
June  1981  and  work  as  anticipated.  Thanks  to  the  thorough 
life  testing  of  all  components  prior  to  installation, 
the  operational  reliability  of  the  complex  systems, 
containing  23  ceramic  chyratrons,  250  m 2  of  h.t.  elec¬ 
trodes  and  26  racks  of  electronics, i s  excellent. 

The  inflectors  are  remotely  controlled  from  the  SPS 
control  room  via  several  sets  of  computer  programs, 
written  in  the  interactive  language  NODAL.  One  group 
of  programs  sets  directly  parameters  of  the  inflectors, 
e.g.  it  turns  on  the  mains,  secs  the  charging  voltage  or 
the  trigger  instant  and  surveys  the  status  of  more  than 
50  interlocks.  It  gives  alarms  in  case  of  faults. 

Other  programs  are  written  for  a  higher  operation  level, 
e.g.  the  operator  chooses  che  type  of  injection  required 
and  the  computer  selects  then  the  settings  of  the  in- 
flector  system. 

The  oscillograms  of  the  kicker  signals  can  be  dis¬ 
played  via  BI0MATI0N  transiett  recorders  on  the  TV  screens 
of  the  control  room,  together  wich  signals  of  the  beam 
current.  This  information  is  very  useful  for  the  de¬ 
tection  of  injection  ciming  errors.  A  remotely  con¬ 
trolled  signal  switching  matrix  connected  to  every 
transient  recorder,  allows  to  select  2  out  of  16  signals 
for  simultaneous  display.  The  optimum  BIGMATION  dis¬ 
play  settings  of  each  signal  are  scored  in  the  computer 
together  wich  the  name  of  the  signal  and  loaded  into 
che  transient  recorder,  when  a  specific  signal  is  se¬ 
lected.  This  procedure  ensures  always  a  correct  display 
of  signals  wich  different  amplitudes,  durations  and 
trigger  instants  and  fa.  llitates  substantially  the 
operation  of  transient  recorders.  Fig.  14  shows  a  TV 
display  of  the  standard  two-batch  injection  scheme. 


Fig.  12  -  Current  pulse  of  the  proton  inflector 
measured  on  the  termination  resistor 


f 


Fig.  13  shows  the  6  pulse  generators  of  the  proton 
ector  installed  in  their  auxiliary  building. 
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Fig.  14  -  Two  batch  injection  into  the  SPS 

upper  trace:  magnetic  field  pulse  of  in¬ 
flactor 

lower  trace:  proton  beam  intensity. 

a)  injection  of  tha  1st  batch;  half  of  tha 
circisafarance  is  filled;  3  turns  are  dis¬ 
played;  (tha  delay  of  about  23  us  between 
Che  signals  of  inflactor  and  beam  currant 
mater  is  due  to  the  time  of  flight  between 
both  elements) . 

b)  injection  of  the  2nd  batch  1.2  s  later. 
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H5  FAST  KICKER  MAGNET  PULSER' 


W.  Frey,  S.  Ghoshroy  and  J.G.  Coctingham 
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Aaaociatad  Unlvaraltlaa,  Inc. 

Upton,  N«v  York  11973 


Sumsary 

The  faat  extraction  kicker  magnet  for  the  AGS  it 
powered  by  a  novel  pulse  generator.  A  pulse  forming 
network  (PFN)  is  discharged  into  nearly  100  percent 
aiisaiatehed  load.  The  pulser  delivers  a  current  pulse 
of  3000  amperes  peak  pulse  with  a  2  percent  flat-top 
ripple  into  a  1.4  v  H  single  turn  ferrite  core  mag¬ 
net.  The  pulse  is  2.8  usee  wide  wich  a  180  nsec  rise 
tisn,  at  a  0.3  co  l.S  pps  repetition  rate.  The  pulse 
rise  time  is  required  to  provide  clean  extraction  of 
the  28  GeV  proton  beam  by  bringing  the  kicker  magnet 
field  up  to  1 . 25  kG  within  the  220  nsec  space  between 
proton  bunches  in  the  machine. 

The  pulser  is  mounted  adjacent  to  the  kicker 
magnet  in  the  AGS  ring.  The  thyratron's  chai  acter- 
istics  are  not  affected  by  the  ionizing  radiation 
environment  during  operation  of  Che  AGS  (Alternating 
Gradient  Synchrotron) . 

Introduction 

The  fast  extraction  magnet  for  Che  AGS  is  a 
single-turn  ferrite  core  magnet.  The  magnet  must 
reach  a  field  strength  of  1.25  kG  within  the  220  nsec 
■pace  between  proton  bunches  in  Che  machine.  The 
pulser  that  drives  the  kicker  magnet  will  have  co 
have  the  following  pulse  parameters: 

a.  3000  A  peak  pulse  current 

b.  2.8  usee  pulse  width 

c.  180  nsec  rise-time  (10X  to  97X) 

d.  22  flat  cop  ripple 

e.  0.3  co  1.3  pulses  per  second 

The  inductance  of  the  kicker  magnet  is  1.4  uH.  As¬ 
suming  0.2  uH  stray  lead  inductance,  the  pulser  will 
have  to  drive  a  load  inductor  of  1.6  uF  with  dc  re¬ 
sistance  less  than  1  milliohm.  The  minimum  voltage 
seep  required  co  get  Che  magnet  current  up  co  3000  A 
in  160  nsec  is: 

V  »  L  *  30  kV 

A  standard  matched  load  pulser  with  the  same 
characteristic  impedance  would  require  a  PTN  voltage 
of  60  kV. 

Figure  l  is  a  simplified  schematic  diagram  of  a 
typical  kicker  magnet  pulsar.  The  pulser  of  this 
design  will  have  to  be  mounced  outside  the  ring  since 
ionising  radiation  levels  in  che  ring  will  degrade 
the  dielectric  properties  of  moat  dielectric  fluids 
used  as  insulation. 

However,  since  the  magnet  is  a  current  device, 
the  mexisium  current  transfer  from  the  PFN  to  the  load 
inductance  will  occur  when  either  the  terminating 
''’“■'msistor  or  the  network  ia^edance  it  reduced  to  zero. 
|  hee  we  cannot  reduce  the  network  impedance  to  zero 

^Work  performed  under  the  auspices  of  the  U.S. 

Deportment  of  Energy. 


we  will  reduce  che  terminating  resistance  co  zero. 
In  this  mismatched  mode,  che  currenc  delivered  by  che 
PFN  to  che  inductor  is  limited  only  by  ice  character¬ 
istic  impedance.  Therefore,  for  a  PFN  voltage  of  30 
kV,  a  PFN  characteristic  impedance  10  0  will  deliver 
3000  A  into  an  inductor  load.  The  PFN  voltage  will 
be  approximately  30  kV  so  air  can  be  used  as  an  in¬ 
sulator  for  Che  PFN,  and  che  PFN  can  be  moved  down 
into  the  ring  next  to  che  stagnec .  Since  the  twitch 
and  PFN  can  be  mounted  very  close  to  che  magnet,  this 
configuration  will  have  the  least  asount  of  stray 
inductance.  The  missMtched  PFN  will  have  a  faster 
rise  time  than  a  matched  line  (see  Appendix  A). 
Figure  2  is  a  simplified  schematic  diagram  of  Che 
mismatched  pulser. 

Design 

Figure  3  is  a  simplified  schematic  of  the  H5 
pulser.  The  network  impedance  of  9.7  0  was  selected 
co  ensure  a  nominal  3000  A  pulse  with  less  than  30  kV 
on  the  network.  The  network  is  a  Guillemin  E  type 
with  a  0.005  uF  speed  up  capacitor  at  che  input.  The 
first  section  of  the  network  is  1/2  delay  section  to 
aid  in  trisasinx  the  rise-tisie.  Resistors  are  oarel- 
leled  with  che  inductors  to  fin-  cune  che  top  of  the 
pulse. 

The  PFN  was  designed  using  the  standard  design 
equations  to  determine  network  capacitance  and  in¬ 
ductance,  (cn  “  *  0.144  iiF  and  L^  "  •  13.6 

uH) .  Since  the  magnet  inductance  is  part  of  the 
solenoid  inductance,  the  solenoid  inductance  is  re¬ 
duced  co  12|iH.  Low-level  testing  indicated  that  a 
minimum  of  10  sections  would  be  needed  Co  gat  che 
flat-top  ripple  down  co  2X.  Thus,  a  12  section  sol¬ 
enoid  with  1  uH/section  and  0.011  uF/seccion  was 
selected. 

The  front  end  of  the  neework  was  tailored  to 
provide  che  maximum  current  rise-cisie  through  the 
magnet.  The  speed-up  capacitor  of  0.005  1>F  is  a 
compromise  between  discharge  currenc  and  rise  time. 

A  1/2  time  section  was  used  co  follow  the  speed¬ 
up  capacitor  to  control  the  shape  of  the  front  of  the 
pulse.  Dasiping  resiscors  in  parallel  with  che  in¬ 
ductors  were  used  to  get  the  ripple  down  to  22  after 
the  inductances  were  adjusted. 

The  mismatched  PFN  will  charge  to  -1001  Vppj, 
unless  an  inverse  diode  and  a  line  terminal  resistor 
is  used  at  the  open  end  of  che  line.  With  the  in¬ 
verse  circuit  che  capacitors  can  be  rated  for  50X 
voltage  reversal  instead  of  10OX  voltage  reversal. 
The  inverse  diode  also  limits  the  inverse  voltage  on 
the  main  switch  tuba  at  the  end  of  che  currenc  pulse. 
The  inverse  diode  is  connected  as  shown  co  prevent 
inverse  current  flowing  through  the  sMgnet .  Tetrode 
thyratrons,  CXI  1 54,  are  used  ae  the  stain  switch  and 
Che  inverse  diode. 

Due  to  space  limitation,  (che  kicker  is  in  a  3- 
fooc  straight  section  in  che  H  superpariod  of  the  ACS 
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ring),  the  FFN  had  Co  (old  back  on  Itself.  Figure  4 
la  a  photo  of  tha  prototype  unit,  and  Figure  5  is  a 
photo  of  tho  klckar  aountad  In  the  ring. 


Z’  -  Rl  -  ( L’/C •) 
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Perforaance 


The  prototype  pulaar  haa  bean  In  operation  for 
several  aontha.  Figure  6  la  typical  currant  pulae 
and  Fig.  7  above  tha  pulae  rlae  tlae.  Figure  8  11- 
luetrataa  tha  voltage  acroea  the  aagnat  referenced  to 
the  currant  pulse.  Figures  9  and  10  llluatrata  tha 
voltage  across  the  switch  tube  referenced  to  the 
pulse  current. 

The  prototype  unit  received  an  eetlaatad  total 
radiation  doaa  of  10*  rads  during  operation  at  an 
estlaated  rata  of  10^  rad/hr.  There  uaa  no  notleable 
degradation  of  thyratron  perforaance  during  opera¬ 
tion.  Tha  prototype  used  pulae  capacitors  with  a 
alneral  oil  watting  agent.  The  capacitors  failed  as 
a  result  of  radiation  exposure.  Radiation  cauaas  the 
ainaral  oil  to  change  Its  physical  and  electrical 
propartlas.  The  capacitors  failed  aeehanlcally  be¬ 
fore  electrical  failure.  Radiation  cauaas  gaaas  co 
ba  liberated  froai  the  oil  and  this  eventually  burst 
the  phenolic  case.  Reconstituted  nice  pulse  capaci¬ 
tors  are  being  evaluated  to  dacaralne  whether  there 
la  any  radiation  affects  on  capacitor  perforaance. 
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Appendix  1 

Coaparlson  of  Mismatched  and  Matched  PFN 
Discharge  Characters 

Tha  artificial  tranealsslon  line  (PFN)  can  be 
represented  by  a  ladder  of  T  equivalent  section  of 
equal  characteristic  laps  dance.  The  rise  tlae  of 
the  network  Is  deteralned  by  the  1st  section 
aleaents  In  the  discharge 


_  ’PFN  _  ’PFN 


For  tha  conditions  of  L  -  L* ,  1  •  1'  and  VPFN  "  VPFN 
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Measureaents  on  several  low  tape  da nee  (about  10 
co  IS  ohas)  Indicate  Chat  the  alsaatched  line  will 
have  a  slightly  faster  rise  than  a  aatched  line  of 
1/2  tha  characteristic  tape da nee.  The  alsaatch  line 
rise  tlae  was  0.8  the  rise  tlae  of  a  aatched  line  of 
1/2  the  iapedance. 
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Figure  1  -  Typical  Kicker  Magnet  Pulsar 


Figure  2  -  Mlsaatched  Pulsar 


J00 


Figure  8  -  Upper  Trace  -  Magnet  Current 

Lower  Trace  -  Voltage  Across  H5  Magnet 
Time  Bate  -  l  uaec/ca 


Figure.  9  -  Upper  Trete  ~  Magnet  Current 

Lower  Trace  -  Voltage  Acroaa  che  Switch 
Tube 

Time  3aie  -  2  use c/ca 


Figure  10  -  Upper  Trace  -  Magnet  Current 

Lower  Trace  -  Voltage  Acroaa  Che  Switch 
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DESIGN  OF  A  FAST-RISE  SLOW-FALL  MAGNET  MODULATOR* 
R.F.  Lamblase 

Srookhaven  National  Laboratory 
Aaaoclated  Universities,  Inc, 

Upton,  New  York  11973 


Brookhaven  National  Laboratory  Is  now  In  the 
process  of  expanding  the  capability  of  the  ACS  to 
Include  the  acceleration  of  polarized  protons.1  One 
of  Che  requirements  to  accomplish  this  Is  to  pulse 
twelve  quadrupole  magnets  to  rapidly  cross  depolariz¬ 
ing  resonances  (see  Figure  1).  Having  crossed  the 
resonance,  the  field  In  the  magnet  must  be  maintained 
so  as  not  to  re-croas  Che  resonance. 


Fig.  1  -  a)  Normal  resonance  crossing 

b)  Rapid  Intrinsic  resonance  crossing 
by  pulsing  the  vertical  betatron 
frequency,  v 


The  parameters  of  the  ACS  require  a  magnet  cur¬ 
rent  pulse  with  a  2  we  rise  (dictated  by  Che  maximum 
permissible  depolarization)  and  a  3  ms  fall  (deter¬ 
mined  by  the  rate  of  momentum  change  during  accelera¬ 
tion).  Right  of  these  pulses  will  be  required  during 
the  acceleration  of  the  protons.  The  first  of  these 
pulses  will  have  a  peak  amplitude  of  +140  amps.  Each 
suceedlng  pulse  will  be  progressively  larger  and 
opposite  In  polarity  of  the  preceedtng  pulse,  until 
the  eighth  pulse  Is  generated  with  a  -2,230  amps 
peak. 


The  problem  Is  addressed  with  two  mirror-image 
circuits,  one  Co  produce  positive  pulses,  and  the 
other  negative.  Each  of  these  circuits  are  further 
divided  Into  two  sections,  one  to  causa  the  rapid 
rise,  and  the  other  to  maintain  the  slow  fall. 

The  rapid  rise  Is  accomplished  by  discharging  a 
0.23  uF  capacitor  into  Che  7  uH,  though  approximately 
17  kV  Is  required  Co  reach  the  maximum  currents.  One 
approach  to  the  slow  fall  ts  to  crowbar  the  high 
voltage  capacitor  with  e  large  low  voltage  capacitor. 
This  circuit  la  shown  In  Figure  2.  The  capacitor  to 
ring  with  a  quarter  wavelength  of  three  milliseconds 
would  have  a  value  of  0.6F,  and  would  Ideally  be 
charged  to  exactly  compensate  for  the  arc  drop  of  the 
thyratron  switch  tube.  Since  the  0.6F  Is  such  a 
large  storage  element  as  compared  to  the  7  uH  load, 
voltage  mismatches  between  Che  thyratron  arc  drop  and 
voltage  on  the  capacitor  of  leas  than  one-half 
will  result  tn  unacceptable  load  current  vari¬ 
es.  In  addition,  Che  thyratron  should  be  switch¬ 
es-  'at  a  time  where  the  anode  voltage  ts  leas  than  100 
volts.  It  will  not  operate  at  this  level. 


LOAD 

6/+H 


Fig.  2  -  Capacitive  slow-fall  circuit 


These  dr  .whacks  are  overcome  by  using  an  induct¬ 
or  as  current  source  In  the  low  voltage  circuit.  The 
simplified  schematic  of  Figure  3  Is  used  to  demon¬ 
strate  the  operation  of  this  circuit  for  one  ampli¬ 
tude  of  a  single  polarity.  The  cycle  starts  by 
charging  Cl  to  +200  volts.  SCR1  discharges  Cl  In  LI. 
When  LI  ts  fully  charged,  SCR2  switches  tn  C2  which 
has  previously  charged  to  -S00  volts.  This  turns 
SCR1  off.  As  current  continues  to  be  dr  .wn  from  C2, 
the  voltage  on  V2’s  cathode  drops  rapidly.  The  cur¬ 
rent  levels  are  programmed  such  that  when  the  voltage 
at  this  point  reaches  -750  volts,  the  current  In  the 
Inductor  Is  at  the  desired  peak  currant.  Then  VI  la 
fired  discharging  C4  in  the  load.  When  C4  ts  at  zero 
volts  (peak  current)  V2  Is  fired.  Just  prior  to 
tiring,  there  Is  750  volts  across  V2,  which  Is  suf¬ 
ficient  for  reliable  firing.  When  this  tube  Curas 
on,  the  resulting  voltage  stop  shucs  off  SCK2,  and  l.l 
maintains  the  current  In  the  load.  The  C2-R2  com¬ 
bination  balances  any  tnlctal  Imbalance  bewteen  Che 
load  currenc  and  Che  current  tn  LI.  The  key  wave¬ 
forms  are  shown  In  Figure  4. 

There  ere  two  very  Important  design  considera¬ 
tions  to  be  mentioned  here.  First,  the  Inductance  of 
that  portion  of  the  circuit  that  Is  not  carrying  cur¬ 
rent  at  the  time  V2  la  switched,  muet  be  kept  low. 
Since  17  kV  is  used  to  cause  a  2  us  rlee  to  full 
current  In  a  6  uH  load,  It  Is  clear  that  the  V2  cir¬ 
cuit  with  only  750  volts  available  must  have  low 
Inductance  In  order  to  build  up  to  full  current  tn  a 
smell  fraction  of  that  2  ut.  A  coaxial  configuration 
Is  being  used  to  minimize  the  Inductance  tn  the  V2 
circuit. 

*Work  performed  under  the  auspices  of  the  U.S. 

Department  of  Energy. 
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Fig.  3  -  Inductive  slow-fall  circuit 


Fig.  4  -  »)  Voltage  acros*  LI 


TIME 


TIME 


c)  Current  through  the  load  (L2) 


Secondly,  the  timing  of  the  SCR' a  la  a  function 
of  current  aet  points.  During  the  ahort  Interval 
that  LI  la  charging  C2,  LI  la  effectively  a  conatant 
current  source.  The  alope  of  the  voltage  on  C2  la 
proportional  to  this  currant,  which  Implies  that  the 
time  to  reach  -750  volts  Is  also.  Using  the  highest 
current  pulse  case  as  an  example,  a  t  201  change  In 
Che  current  setting  would  result  In  V2  firing  volt¬ 
ages  from  -520  volts  to  -982  volts  If  not  corrected 
by  changing  che  SCR  firing  times. 

When  the  positive  and  negative  halves  are  put 
together,  che  possibility  for  crossfiring  exists. 
Figure  5  shows  the  portion  of  the  circuit  where  this 
problem  exists.  Just  prior  to  firing,  each  tube  has 
an  anode-co-cathode  voltage  on  It  of  17  kV.  When  one 
tube  fires,  the  ocher  will  experience  step  Increases 
to  34  kV  with  a  rise  time  of  only  60-70  ns.  This 
strongly  tries  to  cross-fire  the  tube.  To  esse  this 
stress,  an  alternate  circuit  was  developed-2  as  shown 
In  Figure  6.  This  circuit  requires  a  bipolar  high 
voltage  power  supply,  but  now  the  cross-firing  stress 
Is  nearly  eliminated. 

An  additional  advantage  of  this  circuit  Is  that 
tha  maximum  anoda-to-cathode  voltage  Is  half  that  of 
the  original  circuit.  This  enables  che  use  of  lgnl- 
trons  to  be  paralleled  with  the  thyratrons  to  extend 
their  life. 

The  full  circuit  Is  shown  in  Figure  7.  Separata 
charging  circuits  are  used  for  each  resonance  to  re¬ 
duce  the  charging  power  requirements. 


+  HV 
SUPPLY 


-HV 

SUPPLY 


Fig.  5  -  Original  high  voltage  switching 


BIPOLAR 
H.V.  SUPPLY 


LOAD 


Fig.  b  *  Alternate  high  voltage  switching 


A  microcomputer  will  be  used  to  control  all 
twelve  systems.  Typical  functions  Include  d.c.  power 
supply  settings,  timing  pulses,  and  mode  controls. 
The  microcomputer  will  monitor  system  performance, 
end  detect  equipment  malfunctions.  In  addition,  the 
microcomputer  provides  an  Interface  to  the  larger 
computer  system  that  Integrates  all  the  components  in 
the  ACS. 

Conclusion 

- The  use  of  sa  auxiliary  Inductor  Is  proposed  as 

an  effective  method  of  producing  a  slow  current  fall 
f  '  in  a  fast  rise  magnet  modulator.  The  current  source 
$  Operation  of  the  Inductor  results  In  stable  operation 
,  of  the  supply  as  parameters  In  the  high  voltage 
switch  devices  vary. 
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INITIAL  PERFORMANCE  PARAMETERS  ON  FXR* 
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Sumnary  voltage  contributions.  Similarly,  a  hollow  anode 

~  stem  threads  through  two  voltage  modules.  The 

Construction  of  the  new  flash  x-ray  induction  tungsten  mesh  anode  is  backed  by  an  adjustable 

LINAC  (FXR)  at  Lawrence  Livermore  National  Laboratory  collimator  (typically,  40  mm  ID)  which  selects  the 

has  been  completed.  Initial  tuning  of  the  machine  central,  4  kA  portion  of  the  10  -  20  kA,  emitted  beam 

has  produced  stable  current  pulses  in  excess  of  2  kA  for  further  acceleration, 

at  the  design  energy  of  20  MeV,  with  an  80  ns  FWHM 

pulse  width,  producing  single-pulse  radiation  doses  Seam  confinement  over  the  34  m  long  beam  tunnel 

near  500  Roentgen  at  one  meter  from  the  target.  The  is  through  a  near-continuous  array  of  solenoids  that 

electronic  spot  size  on  the  bremsstrahlung  target  is  are  positioned  both  internal  and  external  to  the 

estimated  at  3  -  5  mm.  In  this  paper  we  will  discuss  accelerating  elements.  8 earn  transport  from  the  last 

the  basic  FXR  design;  running-in  and  tuning  of  the  accelerating  cavity  to  the  bremsstrahlung  target  is 

machine;  emittance  measurements;  beam  stability;  achieved  with  discrete  solenoid  lenses.  The  target 

switch  gap  synchronization;  and  measurements  of  the  consists  of  a  rotatable  array  of  0.75  mm  thick,  tung- 

radlation  dose  and  angular  distribution.  sten  platelets.  When  focused  to  its  nominal  6  mm  spot 

size,  the  electron  beam  will  visibility  damage  the 
Introduction  target  in  a  single  pulse.  CAMAC-based  electronics 

provide  computer-assisted  monitoring  and  control  of 

The  FXR  machine  is  a  high-current,  linear-induc-  th  CXR  machine  parameters,  as  well  as  rapid  analysis 

tion,  electron  accelerator  for  flash  radiography  that  of  performance  data, 
was  designed  and  built  at  the  Lawrence  Livermore 

National  Laboratory.  This  facility  has  been  commis-  Seam  Transport  and  Emittance 

sioned  by  the  U.S.  Department  of  Energy  in  March  1982, 

and  is  currently  in  its  running-in  phase.  The  nominal  The  beam  envelope  was  modeled  using  the  TRANSPORT 

beam  parameters  are  20  MeV,  4  kA,  60  ns  FWHM,  for  an  code,  assuming  a  shielded  cathode,  a  nominal  40  mm. 


x-ray  dose  of  500  -  1,000  Roentgen  at  1  m.  For  tuning 
purposes,  the  machine  can  be  pulsed  at  1/3  Hz.  The 
machine  design  and  some  test  results  from  component 
subsystems  have  been  reported  previously;1'4  in 
this  paper,  we  will  present  primarily  the  overall 
test  results  that  led  to  acceptance  and  commissioning 
of  the  machine. 

A  view  along  the  beam  line  is  shown  in  Fig.  1, 
seen  from  the  injector  end.  Acceleration  takes  place 
through  48  elements  that  are  each  driven  to  400  kV  for 
a  90  ns  FWHM  pulse.  Each  element  contains  a  10  ohm, 
water-insulated,  Blumlein  pulse  forming  line  that 
energizes  a  45  mm  wide  accelerating  gap  in  the  146  mm 
dia.  beam  tunnel.  Each  gap  in  turn  forms  part  of  a  1 
m  diameter,  evacuated,  stainless  steel  cavity  that 
contains  sufficient  ferrite  to  prevent  premature 
shorting  of  the  applied  voltage  pulse  along  the 
cavity  walls.  A  built-in  focusing  solenoid  is 
capable  of  generating  up  to  2  kG  on  axis.  Both  the 
ferrite  discs  and  the  symmetrically  placed,  coaxial 
feed  terminals  are  housed  in  an  oil-filled  chamber 
that  is  separated  from  the  evacuated  part  of  the 
cavity  through  an  epoxy  diaphragm.  Symmetrical,  40 
ohm  columns  of  recirculated  copper  sulfate  solution 
act  as  ballast  loads.  The  Blumleins  are  resonant- 
charged  in  groups  of  four  from  12  Marx  banks  which  in 
turn  are  energized  from  bipolar,  +35  kV  OC  power 
supplies.  The  Blumleins  are  switched  through  coaxial, 
midplane  spark  gaps  that  are  pressurized  to  55  psi 
with  recirculating  SFg  gas.  Synchronization  is 
derived  through  calibrated  cable  lengths  from  two 
master  switch  gaps  that  trigger  the  Marx  banks  and 
the  Blumlein  switches,  respectively. 

The  Injector  uses  six  accelerator  elements  acting 
in  tandem  as  a  1 .5  MeV  voltage  source  driving  a  planar 
diode.  The  90  mro  diameter,  foil  spiral  cathode  is 
supported  by  a  2.5  m  long  hollow  steel  stem  that 
threads  through  four  250  kV  gaps  and  so  sums  their 


'Work  performed  under  the  auspices  of  the  U.S.  Department 
i-aboratory  under  contract  number  W-74Q5-EN6-48 . 


injected  beam  diameter  and  a  65  mr-cn  emittance,  based 
on  measurements  reported  earlier. 2  In  tuning  the 
machine,  we  followed  the  progress  of  the  beam  from 
readings  on  the  Resistive  Beam  Monitors  (RBM's)  that 
measure  the  total  beam  current  and  transverse  position 
of  the  beam  centroid  after  each  block  of  four  cavi¬ 
ties.  Beginning  with  a  complete  set  of  focus  coil 
settings  derived  from  TRANSPORT  code  runs,  we  observed 
the  effect  of  small  changes  in  field  strength  of  the 
group  of  solenoids  Immediately  preceding  each  R6M. 

In  maximizing  the  beam  transmission,  we  generally 
gave  preference  to  good  pulse  shape  rather  than  to 
perfect  centering  of  the  beam,  as  indicated  by  the 
RBM.  The  beam  position  can  be  adjusted  through 
steering  coils  that  are  positioned  after  every  four 
cavities;  in  general,  we  tried  to  minimize  the 
external  steering. 

Fig.  2  shows  an  axial  B  field  profile  that  opti¬ 
mized  the  transmission  for  a  2.5  kA  injected  beam, 
and  Fig.  3  gives  the  corresponding  TRANSPORT  model  of 
the  beam  envelope.  For  reference,  the  Brlllouin  field 
profile  is  also  shown  for  2  cm  and  4  cm  diameter 
beams.  The  initial  beam  diameter  is  nominally  4  cm. 
Clearly,  the  empirical  tune  produced  focusing  fields 
far  in  excess  of  the  4  cm  Brillouin  tune,  resulting 
in  much  smaller  average  beam  diameters  and  strong 
scalloping  of  the  beam.  Note  that  the  range  shown 
represents  the  field  ripple  which  has  been  minimized 
for  the  first  12  accelerator  cavities  through  special 
solenoid  design  but  is  allowed  to  Increase  thereafter. 
As  shown  in  Fig.  2,  the  measured  transmission  Is 
better  than  90  percent  through  most  of  the  machine, 
although  more  beam  is  lost  beyond  the  last  accelerator 
cavity.  Higher-current  injected  beams  (3.5  kA) 
appeared  to  be  more  difficult  to  tune  for  maximum 
transmission,  and  for  this  reason  we  initially  concen¬ 
trated  on  developing  tunes  for  a  2.5  kA  beam. 
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Typical  signals  from  the  R8Ms  for  a  well-centered 
beam  are  shown  in  Fig.  4  for  two  positions  along  the 
beam  line,  i.e.,  near  the  injector  and  24  m  down¬ 
stream,  just  ahead  of  cavity  No.  37.  The  four  signals 
shown  correspond  to  the  four  quadrants  of  the  R8M; 
when  the  beam  wanders  off  center,  the  signals  become 
unequal  and  the  beam  centroid  displacement  can  then 

Ar  1  v+  '  v- 

be  calculated  approximately  as  =~  *  j  ^ — j-g- 

where  V+  and  V_  represent  the  sum  and  difference  of 
opposite  quadrant  signals,  respectively. 5  For  a  well 
centered  beam,  the  current  amplitude  repeated  within 
5-10  percent  from  shot  to  shot;  with  the  beam  off- 
center,  repeatability  was  degraded  rapidly.  Seam 
steering  with  200  -  300  Gauss-cm  of  transverse 
magnetic  field  was  applied  primarily  within  the  first 
two  blocks  of  16  accelerator  cavities,  as  marked  by 
asterisks  in  Fig.  2.  The  beam  was  kept  nominally 
centered  within  a  few  millimeters,  wherever  possible. 

In  certain  locations,  however,  the  beam  pulse  shape 
began  to  be  degraded  when  steering  fields  were 
applied,  and  in  those  cases  we  simply  tuned  for 
maximum  transmission. 

Emittance  measurements  have  been  reported  earlier 
(Refs.  2,  3)  where  we  used  a  1  mm  thick  brass  plate, 
perforated  with  1  mm  diameter  holes,  as  a  shadow  mask 
and  measured  the  expansion  and  the  lateral  divergence 
of  the  resulting  beamlets.  The  same  apparatus  was 
used  again  to  characterize  the  beam  after  acceleration 
through  16  gaps.  For  measuring  the  emittance  after 
acceleration  through  all  48  gaps,  we  changed  the  shadow 
mask  to  a  15  mm  thick  brass  plate  with  2  mm  diameter 
holes.  The  results  are  summarized  in  Table  I.  Note 
that  there  is  some  variation  in  injector  voltage  and 
beam  current  which  may  have  had  some  effect  on  the 
emittance.  The  measured  emittance  is  uniformly  higher 
than  the  value  obtained  by  scaling  inversely  with  the 
beam  energy,  corresponding  to  a  normalized  emittance 
growth  of  about  3  percent  per  cavity. 


Table  I.  Measured  emittance  at  three  points  in  the 
FXR  beam  line. 


Emittance  Measured 

At 

Injector 

After 

Gap  #16 

After 

Gap  #48 

Shot  No. 

♦  1336 

#778 

#1121 

Injector  diode  voltage 

1.5  MV 

1.3  MV 

1.3  MV 

Calculated  beam  energy 

1.5  MeV 

7.1  MeV 

19.8  MeV 

Beam  current 

3.4  kA 

2.3  kA 

2.1  kA 

Approx,  beam  diameter 
at  shadow  mask 

7.0  cm 

4.0  cm 

8.0  cm 

Measured  emittance 

65  mr-cm 

24  mr-cm 

17  mr-cm 

Scaled  emittance 

65  mr-cm 

17  mr-cm 

6.4  mr-cm 

Beam  Stability 

Transverse  beam  oscillations  of  the  beam  breakup 
(88U)  variety  have  long  been  recognized  as  a  limita¬ 
tion  to  successful  beam  transport  in  very  long  or 
high-current  linear  accelerators,  including  FXR. 6 
A  beam  propagating  slightly  off-center  through  an 
accelerating  cavity  may  excite  microwave  resonances 
with  transversely  directed  magnetic  field  components 


that  in  turn  tend  to  Increase  the  beam  displacement, 
finally  leading  to  complete  loss  of  the  beam  to  the 
walls.  Using  swept-frequency  and  field-mapping 
techniques  we  have  measured  fQ  and  the  unloaded  Q 
factor  for  the  five  lowest  BBU  modes  that  can  be 
excited  in  an  FXR  accelerating  cavity  (Table  II). 
Termination  of  the  feedline  and  ballast  load  ports 
reduces  Q  somewhat;  the  TMjjq  mode  had  Qt  *  33  in  the 
loaded  condition,  compared  to  Q0  >  50  before.  All 
the  observed  modes  can  be  damped  much  more,  to  values 
of  Qi  <  7,  by  placing  a  modest  amount  of  ferrite  load¬ 
ing  (modified  common  mode  chokes)  on  the  feedline  and 
ballast  load  terminals  inside  the  cavity,  although 
this  modification  has  not  yet  been  implemented  on  the 
machine.7  As  seen  from  the  typical  signal  traces 
shown  in  Fig.  4,  the  beam  appeared  to  be  stable  at 
the  2.  -  2.5  kA  level.  §  probe  signals  taken  after 
the  last  cavity  did  show  some  ringing  but  at  a 
frequency  (160  MHz)  that  did  not  correspond  to  any 
BBU  mode.  However,  the  need  for  strong  focusing  in 
order  to  ensure  good  beam  transmission  (Fig.  2),  may 
have  been  due  to  incipient  beam  instabilities  that 
were  reduced  by  the  magnetic  focusing  field. 

Table  II.  Measured  resonant  frequencies  and  unloaded 
Q‘s  for  the  five  lowest  TM;  m  0  modes  in  the  FXR 
cavity. 


TM  Mode  fn  MHz _ 9^ 


110 

261 

50 

120 

420 

10 

130 

650 

13 

140 

860 

24 

150 

1050 

<7 

Switch  Gap  Synchronization 

Our  computer-based  data  acquisition  system  pro¬ 
vides  real-time  recording  and  display  of  firing 
delays  for  all  spark-gap  switches  that  control  the 
timing  of  the  accelerating  voltage  pulses.  This 
enables  us  both  to  assess  the  machine  performance 
after  each  shot  and  to  accumulate  statistics  over 
multishot  samples.  Table  III  gives  jitter  data  for  a 
20-shot  sample  taken  on  the  first  block  of  4  cavities, 
following  the  Injector.  Spark  gap  J10  is  an  interme¬ 
diate  switch  triggering  the  four  Blumlein  switches 
JU,  12,  13,  and  14  which  in  turn  energize  individual 
cavities.  The  1.5  ns  Jitter  Is  acceptable  in  the 
context  of  our  90  ns  accelerating  pulse  length, 
although  we  expect  to  reduce  it  to  o  <  1  ns  through 
further  optimization.  ~ 


Table  III.  4-cavity  group  firing  delays,  20  shot 
sample. 


Switch  Gap 

Standard  Deviation,  o,  ns 

J10 

1.5 

Oil 

1.4 

J12 

1.4 

013 

1.2 

J14 

1.5 

A  more  difficult  problem  is  the  equalization  of 
average  firing  delays  between  different  switch  gaps 
which  Is  necessary  for  the  correct  stepping  of  the 
voltage  pulses  along  the  beam  line.  For  example,  for 
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the  first  group  of  16  cavities  following  the  injector 
we  find  the  intermediate  gaps  deviating  by  up  to  4  ns 
from  their  nominal  8  ns  spacing,  on  the  average. 

Such  deviations  in  effect  add  to  the  energy 
,  spread  near  the  beginning  and  near  the  end  of  the 
accelerated  beam  pulse. 

Radiation  Pose  and  Soot  Size 

The  nominal  design  goal  for  FXR  was  to  produce  a 
single-shot  dose  of  S00  Roentgen  at  a  distance  of  1  m 
from  the  bremsstrahlung  target,  with  an  electronic 
spot  size  of  3  -  6  mm.  Using  an  array  of  thermolumi¬ 
nescent  detectors  (TLOs)  we  measured  a  dose  of  480  R 
at  1  m,  (Shot  #2416)  by  letting  a  1.6  kA  beam  impinge 
on  a  temporary  target  consisting  of  two  0.5  mm 
tungsten  discs  sandwiched  together.  The  nominal  beam 
energy  for  this  shot  was  18  MeV.  From  the  width  of 
the  burn  mart  that  was  left  on  the  aluminum  flange 
supporting  the  tungsten  discs  we  inferred  an  elec¬ 
tronic  spot  size  of  approximately  5  mm.  Combining 
this  with  the  measured  emittance  of  17  mr-cm  and 
assuming  a  uniform  distribution  of  electron  angles 
yields  a  mean  electron  angle  of  2.6  degrees.  The 
effective  thickness  of  the  tungsten  target  was  1.9 
g/cm2.  Using  available  measured  curves  for  the 
angular  distribution  of  bremsstrahlung  from  15  MeV, 
paraxial  electrons  impinging  on  a  4.5  g/cm?  tungsten 
target  one  finds  a  FWHM  beam  width  of  10  degrees. 8 
Assuming  this  same  number  to  hold  for  our  beam,  and 
performing  a  geometric  addition  of  the  mean  electron 
angle  and  the  half-beam  width  of  the  bremsstrahlung 


Figure  1.  View  along  the  FXR  beamline,  seen 
from  high-energy  end. 


distribution  yields  a  total  effective  beam  width  of 
11.3  degrees,  FWHM.  The  observed  x-ray  oeam  width, 
as  derived  from  TLD  readings  (Shot  #2415,  460  R  at  1 
m,  on  axis),  is  shown  in  Fig.  5,  i.e.,  8.3  degrees 
FWHM  in  the  vertical  plane  and  9.5  degrees  FWHM  in 
the  horizontal  plane,  in  reasonable  agreement  with 
the  calculated  estimate. 

Further  radiation  measurements  were  taken  with  the 
beam  directed  at  the  0.75  mm  thick  tungsten  platelets 
that  form  part  of  the  rotatable,  permanent  target 
assembly.  Because  of  machine  problems  at  the  time 
the  charge  deposited  on  target  was  less  than  before 
and  the  observed  dose  was  only  180  R  at  1  m.  Some 
target  platelets  are  shown  in  Fig.  6;  the  arrangement 
shown  corresponds  roughly  to  the  target  wheel.  A 
single  beam  pulse  struck  the  gap  between  two  platelets 
grazing  both  and  leaving  visible  burn  marks;  the  holes 
punched  through  the  other  two  platelets  probably  are 
each  due  to  more  than  one  beam  pulse.  The  size  of 
the  witness  marks  appears  to  be  compatible  with  an 
electronic  spot  size  on  the  order  of  3-6  mm. 

Conclusion 

Preliminary  measurements  (over  3,000  pulses)  on 
FXR  have  produced  satisfactory  single-pulse  x-ray 
Ooses  of  up  to  480  R  at  1  m,  although  the  machine  has 
not  yet  been  run  at  the  full  design  current  of  4  kA. 
The  measured  emittance  for  a  20  MeV,  2  kA  beam  is  less 
than  20  mr-cm,  yielding  a  narrow  radiation  cone  while 
maintaining  a  small  spot  size. 


Figure  2.  Calculated  B  profile  of  actual  tune 
used,  showing  the  rangezbetween  maxima  and  minima 
of  the  rippling  field.  Also  shown  are  the 
Brillouin  field  profiles  for  a  2  cm  and  a  4  cm 
dla  beam,  and  the  measured  transmission  of  the 
2.5  kA  beam.  Injector  voltage  is  1.3  MeV, 
accelerating  potential  354  kV/gap,  final  beam 
energy  18.3  MeV.  The  asterisks  mark  locations 
where  200-300  gauss-cm  of  transverse  beam  steering 
was  applied. 
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Figure  3.  Calculated  beam  envelope  (TRANSPORT 
code),  based  on  the  calculated  8  profile  from  the 
actual  tune.  Beam  parameters,  same  as  in  Fig.  2; 
the  emittance  at  injection  was  assumed  to  be  65 
mr- cm. 


(c)  (d) 


Figure  5.  Beam  current  and  measured  radiation 
pattern  for  Shot  #2415.  Traces  (a)  and  (b)  show 
the  four  quadrant  signals  for  the  beam  current 
monitor  immediately  preceding  the  target,  with 
20  ns,  450  A/dfv.  The  radiation  pattern  was 
estimated  from  a  five-TLD  array  mounted  on  axis. 
The  average  beam  width  is  9°  FWHM. 


Figure  6.  Damage  to  tungsten  target  platelets, 
shown  approximately  as  mounted  on  the  FXR  rotatable 
target  array.  The  larger  holes  were  probably  made 
by  more  than  one  pulse. 


Figure  4.  Beam  monitor  signals  for  a  well-centered 
beam,  at  two  different  positions  along  the  beamline. 
Figures  (a)  and  (b)  show  the  four  quadrant  signals 
preceding  the  first  accelerator  cavity  (2.45  kA 
peak,  1.3  MeV).  Figures  (c)  and  (d)  show  similar 
signals  24  m  downstream,  preceding  cavity  No.  37 
(2.25  kA  peak,  14.  MeV).  The  time  scale  Is  20  ns/div. 
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Radar  transmitters  employing  griddad-gun  micro¬ 
wave  tubas  require  a  voltage-stabilised  HT  supply 
system  capable  at  supplying  a  relatively  large  pulsed 
current  load.  Conventionally,  the  supply  is  provided 
by  a  transistor  inverter  operating  at  a  few  tans  of 
kHz,  followed  by  a  transformer,  rectifiers  and  a 
relatively  large  reservoir  capacitor.  Voltage  stabili¬ 
sation  may  be  implemented  by  on/off  control  of  the 
inverter . 

One  problem  which  must  be  addressed  in  the  design 
of  such  systems  is  the  close  to  short-circuit  load 
condition  experienced  by  the  inverter  during  the  early 
stages  of  charging  of  the  reservoir  capacitor  or  when 
the  HT  transformer  core  is  inadvertantly  saturated. 

In  the  scheme  described,  the  inverter  transistor  peak 
and  average  current  may  be  kept  constant  under  all 
conditions  by  the  use  of  a  series  inductor  in  the  AC 
part  of  the  circuit,  whose  reactance  is  varied  by 
varying  the  inverter  frequency. 

Advantages  of  the  scheme  described  are  that  capa¬ 
citor  charging  time  is  minimized,  short-circuit 
protection  is  inherent,  and  a  very  high  accuracy  of 
voltage  control  may  be  achieved  by  raising  the  inverter 
frequency  as  the  desired  capacitor  voltage  is 
approached,  Within  cycle  turn  off  may  be  used.  A 
substantially  reduced  component  count  is  thus  achieved 
at  the  expense  of  a  more  severe  transistor  turn-off 
condition,  but  one  which  is  within  the  capability  of 
available  FET'a. 

1,  Introduction 

A  growing  proportion  of  medium  powered  pulsed 
radar  transmitters  employ  gridded-gun  linear-beam 
microwave  maplif ier  tubes.  Apart  from  the  added  free¬ 
dom  which  this  gives  to  microwave  tuba  designers, 
other  obvious  advantages  are  flexibility  in  pulse 
duration  and  timing  and  good  within- pulse  phase- 
stability,  the  latter  due  to  the  vithin-pulse  voltage 
stebility  made  possible  by  the  use  of  a  large  reservoir 
capacitor  on  the  DC  HT  supply. 

The  HT  supply  system  for  such  a  transmitter  must 
generate  a  high  DC  voltage  with  an  absolute  DC  voltage 
accuracy  of  (typically)  t  0.52  and  e  pulse— to- pulse 
tolerance  of  1  in  104  or  better  it  often  needed.  This 
must  be  achieved  for  average  lead  currents  fluctuating 
between  zero  end  maximum  rating  end  for  supply  voltage 
fluctuations  of  typically  t  10X  or  more.  It  must 
tolerate  unforeseen  load  short-circuits  without  risk 
of  damage  and  mutt  achieve  the  specified  HT  voltage 
with  a  minimum  of  delay  both  at  switch- on  and  after  a 
temporary  load  short  circuit. 

Small  site  and  high  reliability  are  usually  prime 
requirements.  To  achieve  e  high  predicted  reliability 
under  MIL  STD  217C  rules  it  it  necessary  to  use  only 
correctly  rated  qualified  components  and  also  to 
achieve  a  low  component  count.  High  efficiency  and 
low  cost  are  not  usually  prime  requirements,  but  high 


efficiency  is  likely  to  be  helpful  in  the  achievement 
of  small  size  coupled  with  high  reliability. 

It  it  often  found  that  the  best  form  of  HT  supply 
system  for  this  type  of  transmitter  it  to  use  a  DC  link 
inverter  arrangement.  By  using  an  inverter  operating 
at  a  frequency  considerably  above  that  of  the  prims 
power  source  advantages  may  be  gained  in  two  areas. 

The  size  of  the  HT  tranaformer  may  be  significantly 
reduced.  Also,  if  the  inverter  frequency  is  much 
higher  than  the  prf,  no  HT  smoothing  is  needed  apart 
from  the  reservoir  capacitor  required  to  supply  the 
currant  pulses  drawn  by  the  load.  At  the  same  time, 
compensation  for  the  effect  on  the  HT  voltage  of  load 
current  and  supply  voltage  variations  may  be  effected 
more  rapidly.  However,  too  high  a  frequency  may  give 
rise  to  various  problems  with  inversion  and  rectifi¬ 
cation  and  also  with  transformer  design.  A  frequency 
above  the  audible  range  is  usually  preferred. 

When  using  inverter  designs  where  complete  half¬ 
cycles  must  be  generated,  the  resulting  "quantum”  of 
HT  voltage  will  typically  be  a  few  tenths  of  a  percent. 
Since  pulse-pulse  voltage  fluctuations  of  this  magni¬ 
tude  are  seldom  admissible,  it  is  usually  necessary  in 
such  cases  to  add  a  further  analogue  type  voltage 
stabiliser  in  the  HT  circuit,  with  consequent  increase 
of  component  count  and  power  loss.  If  the  inverter 
transistors  could  be  tuned  off  at  any  point  in  the 
cycle,  voltage  control  would  be  improved,  but  current 
would  still  continue  to  flow  for  a  short  time  due  to 
the  inevitable  inductance  of  the  AC  circuit.  This  will 
lead  to  a  voltage  overshoot  dependent  on  the  current 
flowing  at  the  inatant  of  shut-off  and  also  affected  to 
a  lesser  extent  by  the  instantaneous  voltage  of  the 
incoming  DC  supply.  For  cases  where  this  still  leads 
to  unacceptable  pulse  to  pulse  voltage  fluctuation, 
further  improvement  of  the  voltage  control  performance 
would  be  possible  without  any  significant  increase  in 
component  count  if  it  were  feasible  to  reduce  the  peak 
inverter  current  as  the  target  voltage  is  approached. 
This  will  be  discussed  later  in  the  paper. 

For  the  case  which  will  be  considered  hare  as  an 
example,  prime  power  is  200  V  AC  3  phase  400  Hz  and  in 
accordance  with  usual  practice  this  is  rectified 
directly  without  the  use  of  a  400  Ha  transformer. 

Whilst  dispensing  with  a  large  component,  this  dictates 
the  DC  supply  voltage  to  the  inverter  and  also  means 
chat  neither  side  of  the  supply  is  grounded.  Inverter 
designs  must  therefore  be  compatible  with  these 
requi  meats . 

Any  inverter  control  scheme  designed  to  maintain  a 
constant  HT  voltage  without  precise  advance  knowledge 
of  the  time  of  arrival  of  the  next  pulse  must  lead  to 
intermittent  operation  of  the  inverter.  After  each 
transmitter  pulse,  the  inverter  will  need  to  operate  at 
full  available  power  until  the  reservoir  capacitor  vol¬ 
tage  is  restored  to  a  state  of  readiness,  after  which 
it  will  typically  remain  inoperative  until  the  next 
transmitter  pulse  occurs.  Changes  in  pulse  duration 
will  only  affect  the  duration  of  each  burst  of  invertor 
operation. 


312 

CH 1 78 J-J/82/0000-03 1 2100. 7}  ©  !  M2  IEEE 


Because  sufficiently  fast  semi-conductor 
inverting  devices  have  restricted  voltage-withatand 
capabilities  and  are  very  vulnerable  to  over-voltages, 
simple  capacitors  are  the  preferred  method  of  fil¬ 
tering  the  DC  supply  at  inverter  frequency. 

Preferably,  no  significant  filtering  at  input  recti¬ 
fier  ripple  frequency  is  provided.  In  this  way  no 
large  inductors  are  involved  which  could  lead  to 
serious  voltage  surges  being  generated  on  the  input  DC 
supply  as  a  result  of  the  intermittent  current  demand 
of  the  inverter,  while  the  form  factor  of  the  AC  line 
current  is  better  than  would  be  obtained  when  using  a 
large  input  reservoir  capacitor. 

Although  other  inverter  circuits  are  possible, 
we  will  confine  ourselves  to  those  circuits  where  the 
transistor  voltage  does  not  exceed  the  DC  supply  vol¬ 
tage.  The  basic  circuit  having  this  property  is  the 
bridge  inverter  with  reverse  diodes  across  the 
transistors  (fig  1) . 


The  box  marked  X  in  fig  1  is  a  reactance  network 
part  of  which  is  parasicic  (the  leakage  inductance  of 
the  HT  transformer)  but  which  normally  has  to  be 
augmented  to  limit  the  current  or  at  leaat  the  rate  of 
rise  of  current,  at  svitch-on  or  when  a  load-fault 
occurs.  Whan  using  bipolar  transistors,  a  popular 
practice  is  to  use  for  X  a  series-resonant  LC  circuit 
tuned  to  the  inverter  fundamental  frequency  (which 
suet  therefore  be  approximately  constant) .  This 
causes  the  switch  current  to  be  of  the  form  of  half¬ 
sine  waves,  so  that  the  current  is  small  at  the  time 
of  switch  opening,  thus  avoiding  the  risk  of  second 
breakdown  problems.  The  large  build-up  of  voltage  in 
the  resonant  circuit  which  would  occur  under  short- 
circuit  conditions,  with  associated  very  large  svitcb 
current,  is  prevented  by  the  fitting  of  clamping 
diodes. 

When  using  MOSTBTS  as  the  inverter  switches, 
there  are  no  turn-off  problsma  provided  that  the 
transistors  are  turned  off  rapidly,  even  if  the  devices 
are  simultaneously  subjected  to  swximie  voltage  end 
maximum  current.  This  makes  it  possible  to  employ  a 
simple  inductor  for  X.  Then  the  inverter  frequency 
may  be  allowed  to  vary  in  order  to  control  the  current. 
Also,  the  inverter  may  be  svltched-off  at  any  point  in 
the  cycle.  In  what  follows  it  is  shown  that  these 
attributes  may  be  used  to  make  unnecessary  an  addi¬ 
tional  series  stabiliser  for  most  applications,  while 
at  the  same  time  achieving  a  true  constant  current 
characteristic  for  the  inverter.  This  makes  the 
'uverter  inherently  safe  in  the  presence  of  load  short- 
■cuite  or  if  the  HT  transformer  core  saturates,  and 
aieves  the  desired  repid  charging  of  the  HT  reservoir 
capacitor  from  start-up,  without  added  components. 


2.  The  Characteristics  of  the  Inductive  Output 
Inverter  Loaded  by  a  Rectifier  with  Capacitor 
Input  Filter 


2.1.  The  Wavsf oms 


To  understand  the  waveforms  it  is  convenient  to 
analyse  the  operation  of  a  full-bridge.  The  equivalent 
is  shown  in  fig  2.  In  this,  the  HT  transformer  has 
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Fig  2.  Inductive  inverter 


been  eliminated  by  referring  the  secondary  circuit 
values  to  the  primary  in  the  usual  vay.  We  will 
suppose  that  the  base-drive  to  the  FET's  is  controlled 
in  such  a  vay  that  when  the  magnitude  of  the  peak  load 
current  (irrespective  of  direction)  reaches  a  pre¬ 
scribed  level,  the  transistors  which  are  on  are  turned 
off  and  the  other  ones  are  turned  on.  The  transistor 
current  rises  at  a  rate  (E  -  v)/L  (neglecting  transis¬ 
tor  and  transformer  resistance,  which  are  relatively 
small)  and  the  diode  currant  falls  at  a  rate  (E  ♦  V)/L. 
Since,  to  a  good  approximation,  the  voltages  are  con¬ 
stant  during  each  half  cycle,  the  current-waveforms 
are  built  up  from  triangles,  as  shown.  The  frequency 
of  operation  is  determined  by  the  circuit  conditions 
and  will  vary  vith  load  and  supply  voltages.  Fig  3 
shows  the  resulting  waveforms  boch  with  zero  output 
voltage  and  for  the  more  typical  case  when  the  DC  out¬ 
put  voltage  (referred  to  the  primary  of  the  HT  trans¬ 
former)  is  about  80Z  of  the  supply  voltage.  In  both 
cases  the  transistor  turn-off  threshold  is  fixed  et  the 
same  level.  The  following  points  may  be  notad:- 

2.1.1.  For  a  fixed  peak  current,  the  rectified  DC  out¬ 
put  current  is  constant  (at  half  the  peak  current) 
irrespective  of  the  voltage  on  the  reservoir  capacitor 
or  the  supply  voltage. 

2.1.2.  The  average  current  in  each  transistor  rises 
vitb  output  voltage,  from  one  eighth  of  the  peak 
current  on  short  circuit  to  approaching  one  quarter  of 
the  peak  current  at  the  maximum  output  voltage.  The  DC 
supply  current  is  then  approaching  one  half  of  the  peak 
transistor  current. 

2.1.3.  The  inverter  frequency  drops  as  the  load- 
voltage  rises.  An  output  voltage  equal  to  the  supply 
voltage  would  give  zero  frequency.  The  maximum  ratio 
output  voltage/supply  voltage  which  can  be  allowed  is 
restricted  by  the  ratio  of  highest  to  lowest  frequency 
which  can  be  accepted.  Switching  losses  in  the  tran¬ 
sistors  and  rectifier  are  possible  factors  limiting 
this. 

2.1.4.  In  any  limb  of  the  bridge,  transistor  currant 
is  always  (mediately  preceded  by  diode  currant.  Thus 
the  transistors  are  always  turned  on  at  zero  voltage. 
Turn-off,  however,  always  occurs  at  narirnm  current, 
and  mixianw  transistor  voltage.  Bence  this  circuit  is 
only  economical  for  use  with  M3SFETS,  where  there  is  no 
problem  with  second  breakdown. 


313 


Load 

Currant 


Switch  1 
Currant 


Switch  2 
Currant 


K  *  0 


Mg  3.  idealized  waveform*  of  inductive  inverter 


2.1.3.  the  drive  to  the  traneiatore  were  removed  The  average  current  in  each  diode 
while  ci> ..Tent  if  flowing,  there  would  (till  he  a  aig- 

nificant  further  charge  delivered  to  the  load  reaer-  -  1(1  -  K)/8 

voir  due  to  the  diode  current,  which  la  auatainad  by 

the  energy  atored  in  the  circuit  inductance.  The  RMS  current  in  each  tranaiator 


2.2.  Overall  Characterlatlca 


Neglecting  reaiatance,  the  overall  characterlatlca  The  average  output  DC  current 
of  the  inverter  nay  readily  be  ezpreaaed  in  tana  of 
the  following  parameter*;-  -  1/2 


I  ia  peak  tranaiator  currant 
L  ia  the  total  AC  circuit  inductance 
E  ia  the  DC  eupply  voltage 
V  ia  the  output  DC  voltage 
K  ia  the  ratio  E/V 

Than  if  ti  and  t2  are  the  duration*  of  tranaiator  and 
diode  conduction:- 

tj  -  U/(E  -  V) 

C2  -  11/ (E  ♦  V) 

Whence 

tt/tj  •  (1  ♦  R)/(l  -  K) 

The  average  current  in  each  tranaiator 


The  average  aupply  current 
-  KI/2 

The  frequency  of  operation  with  V  •  0, 
to  -  I/4LI 
The  operating  frequency 
f  -  foil  -  K2) 

An  iaportant  char* iter i*tic  ia  the  charge  per  cycle 
paaaing  through  each  diode,  becauae  thia  charge  will  be 
paaaed  on  to  the  reaarvoir  capacitor  after  all  the 
traneiatore  have  been  turned  off,  if  the  latter  occur* 
when  the  current  ia  at  ita  peak  value.  It  will  there¬ 
fore  detemine  the  waxHwun  voltage  error  which  can 
occur  on  the  recharged  output  reaarvoir  capacitor. 


-  1(1  ♦  l)/8 


314 


Th*  diode  charge  per  cycle 
.  "  JIt-?  “  qo/(l  ♦  K) 

,,  ,  where 

qo  -  LI2/2E 

is  Che  diode  charge  during  short-circuit  operation. 

The  dependence  of  various  quantities  on  K  for 
this  idealized  model  is  shown  in  fig  4. 


Fig  4.  Overall  characteristics  of  idealized 
inductive  inverter 

2.3.  Protection  Against  Corruption  of  the  Base  Drive 
by  Interference 


turn-off  of  the  ocher  to  guarantee  against  overlap. 

If  such  provisions  were  deemed  inadequate  in  a 
particular  case,  the  inductor  could  be  split  into  four 
inductors,  each  part  being  placed  directly  in  series 
with  each  transistor-diode  combination  (fig  5) .  Then 


the  rate  rise  of  current  could  not  be  very  high  in  any 
circumstances,  and  brief  conduction  overlaps  between 
the  transistors  will  therefore  produce  very  little 
change  of  current.  However,  to  ensure  good  matching  of 
durations  of  the  two  half-periods  during  normal  opera¬ 
tion,  the  inductance  values  for  each  diagonal  pair 
would  have  to  be  accurately  matched  at  all  values  of 
current. 

3.  The  Performance  of  a  Typical  Design 

The  idealized  analysis  of  section  2  is  signifi¬ 
cantly  modified  when  a  realistic  value  for  the  MOSFET 
on-resistance  is  inserted. 

The  following  figures  for  a  typical  design  for  a 
full  bridge  (4  transistors)  are  based  on  a  more 
accurate  analysis :- 


Min.  instantaneous  supply  voltage  220  V 

Referred  load  voltage  180  T 

Peak  transistor  current  20  A 

Transistor  resistance  (each  device)  0.3  Q 

Minimum  frequency  20  kHz 

Maximum  frequency  (T  ■  0)  73  kHz 

Circuit  inductance  37  pH 

Inverter  power  output  (continuous  operation)  1.9  kW 

Transistor  loss  (4  devices,  20  kHz)  100  W 

Inverter  efficiency  9SZ 


The  maximum  output  voltage  quantum,  with  1  millifarad 
referred  reservoir  capacitance,  is  about  1  part  in  104 
with  the  current  limit  set  at  20  A.  If  the  currant 
limit  were  reduced  to  say  7  A,  whenever  the  output  HT 
voltage  approaches  within  1  part  in  104  of  its  target 
value,  the  aasiiman  voltage  quantum  would  be  reduced  to 
1  part  in  10^  at  the  expense  of  an  additional  delay  not 
exceeding  20  us  in  the  reservoir  recharging  time  between 
each  pulse.  Much  further  improvement  in  voltage 
accuracy  is  likely  to  be  prevented  by  noise  in  the  wide¬ 
band  voltage  comparator  required  to  control  the  inverter, 
unless  the  terminal  charging  rate  is  further  reduced,  so 
as  to  reduce  the  bandwidth  required,  which  would  involve 
further  extension  of  the  complete  recharging  cycle. 

4,  Conclusions 

We  have  seen  how  a  bridge  converter  circuit  in 
which  the  only  significant  impedance  is  an  inductor  in 
series  with  the  AC  output  has  particularly  useful 
characteristics  for  HI  supply  in  pulsed  radar  trans¬ 
mitters  using  gridded-gun  microwave  tubes. 


If  the  transistor  drive-circuits  operate  incor¬ 
rectly  in  such  a  way  as  to  causa  even  brief  conduction 
of  both  pairs  of  switches  simultaneously,  then  an 
abnormally  large  current  will  flow  through  the  tran¬ 
sistors  which  could  lead  to  deterioration.  A  similar 
risk  would  exist  if  a  transistor  ware  turned  on  again 
very  soon  after  it  had  turned  off.  Then  the  diode 
between  it  and  the  opposite  supply  rail  would  be  in 
heavy  conduction  and  would  he  able  to  pass  a  large 
reverse  current  for  a  short  time  due  to  stored  carriers. 
The  sensitive  wide- bend  voltage  comparator  which  is 
needed  in  the  HT  voltage-control  system  would  tend  to 
be  vulnerable  to  interference,  so  that  there  is  a  risk 
that  this  situation  will  arise  unless  precautions  axe 
taken. 

f  ~>e  method  of  tackling  this  problem  is  by  the 
i  |  on  of  a  time  block  in  tba  drive  circuits  to 
pt-'^  ..  the  interval  between  change-overs  falling  below 

a  pre-determined  minimum.  Also  the  turn-on  of  each 
transistor  should  be  delayed  a  small  amount  after  the 
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By  Arranging  chat  translator  twitching  is  con¬ 
trolled  by  Cha  inacantanaoua  value  of  the  current, 
the  DC  output  is  given  s  constant  currant  character¬ 
istic  which  iaparts  an  isnediate  safe  rsaction  to  load 
short-circuits  while  at  the  saaa  time  giving  rapid 
charging  of  the  output  reservoir  capacitor  at  start¬ 
up.  The  frequency  of  operation  of  the  invertor  varies 
over  a  range  of  up  to  about  4:1  ovar  the  range  of  load 
conditions  which  are  encountered  in  such  cases. 

A  penalty  is  chat  transistor  turn-off  cakes  place 
at  maximal  currant,  so  that  MOSFETS  may  have  to  be 
used  to  avoid  second  breakdown  problems.  Also  the 
peak  transistor  current  it  27X  higher  for  a  given 
power-flow  chan  the  series  resonant  inverter,  though 
the  transistor  IMS  current  is  only  about  the  same. 
Advantage  is,  however,  taken  of  the  high  switching- 
speed  of  MOSnTS  to  achieve  a  very  fine  control  of 
output  DC  voltage.  This  it  done  by  the  use  of  vichin- 
cycle  turn-off  and  will  often  render  further  meant  of 
voltage  stabilisation  unnecessary.  This  yields  a 
substantial  overall  reduction  in  component  count  and 
hopefully,  confers  a  significant  advantage  in  size 
and  reliability  over  conventional  HT  supply  systems. 
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An  alternative  frequency  conversion  technique  is 
examined  theoretically  and  on  the  basis  of  laboratory 
testa.  The  circuit  relies  on  sv itching  between  taps 
to  produce  the  desired  frequency  conversion  of  an  out* 
put  waveshape,  and  is  therefore  referred  to  as  a  tap 
converter.  The  operation  of  the  tap  convertar  has  been 
the  examined  with  a  view  to  its  usefulness  in  VSCP 
(variable  speed-constant  frequency)  generating  systems. 

A  single  phase  tap  converter  has  been  built  and  tested 
to  facilitate  the  comparison  with  conventional  frequency 
changing  circuitry. 

Introduction 

It  is  clear  that  a  great  deal  of  attention  must 
be  paid  to  studying  electronic  power  conversion  for 
the  remainder  of  this  century.  New  and  alternative 
sources  of  energy  such  as  wind  power  generation  will 
not  necessarily  match  the  requirements  of  existing 
-r  grids.  Similar  problems  will  occur  in  aircraft 
rators  and  when  new  energy  storage  devices  and 
cams  are  tied  to  existing  power  grids.  Finally, 
®vjctric  motor  drives  must  be  improved  if  high  speed 
ground  transportation  and  the  electric  car  are  to 
become  more  than  just  a  feasibility  desxmstration  or 
an  oddity.  The  problems  of  designing  an  electric 
vehicle,  a  flywheel  storage  system,  or  a  compatible 
wind  power  generator  are  very  similar.  However,  the 
following  discussion  will  be  concerned  with  the  ex¬ 
traction  of  energy  from  a  variable  speed  generator. 

This  limiting  is  dona  for  purposes  of  clarity  and 
focus.  The  technology  developed  can  be  applied  if  not 
directly,  then  with  modification  to  similar  systems. 

Nat  cost  plays  a  decisive  role  in  all  realistic 
systems.  Any  device  proposed  to  improve  existing 
frequency  conversion  technology  must  be  compared  to 
rotating  mechanical  frequency  changers ,  to  cycloconver¬ 
ters,  and  to  rectifier/ inverter,  coeibinations.  In  ad¬ 
dition,  capital  Investment  must  be  a  minor  faction  of 
a  typical  wind  generator  or  power  plant  cost  based 
upon  a  cost  per  kilowatt  capacity.  Therefore,  if  a 
capital  investment  cost  of  $2000  per  kw  is  used,  the 
total  cost  par  kilowatt  capacity  of  the  electronic  con¬ 
version  technique  must  be  small  compared  to  $2000.  Five 
percent  or  $100  is  reasonable  per  kilowatt  rata.  There 
is  an  exception:  for  the  most  part  current  electric 
utility  rates  are  tied  to  both  capital  investment  and 
to  fuel  cost.  However,  if  the  energy  is  free,  or  in 
military  applications,  investment  costs  even  above 
$2000  per  kilowatt  may  be  justifiable. 

Frequency  changing  tachiques  which  are  not  electron¬ 
ic  may  be  classified  into  two  groups:  mechanical  speed 
reducers  and  motor  generator  sets.  Both  techniques  are 
expensive.  The  mechanical  speed  reducer  is  especially 
c of  and  expensive  when  there  it  a  significant  vari¬ 

ate  i  driver  speed.  Furthermore,  there  is  general 
agi  wnt  that  these  techniques  will  not  be  popular  in 
the  future.  Rectifier  and  inverter  combinations  tend 


to  be  expensive  and  suffer  commutation  problems  because 
of  the  inverter  stage,  cycloconverters  can  be  used  to 
replace  the  rectifier/inverter  coeibinations  when  fre¬ 
quency  reduction  is  greater  than  three-to-one .  However, 
the  waveforms  are  of  poor  quality  and  like  the  inverter 
produce  waveshapes  with  a  high  harmonic  content.  The 
harmonica  are  parasitic  to  the  operation  of  electro¬ 
mechanical  loads  and  cause  a  great  deal  of  electro¬ 
magnetic  interference.  In  addition,  the  cycloconverter 
requires  a  greater  number  of  thrystor  switches.  Capi¬ 
tal  investment  costs  frost  $10  to  $S0  per  kilowatt  are 
generally  quoted  for  the  electronic  conversion.  The 
$10  figure  (which  seams  futuristic)  was  quoted  by  Exxon 
in  a  news  release  dated  May  17,  1979.  The  news  release 
described  the  use  of  high  power  transistors  to  perform 
the  inversion.  When  power  transistor  inverters  are 
employed,  commutation  and  waveshaping  problems  axe  non¬ 
existent.  However,  there  are  still  limitations  on 
power  levels  and  while  transistor  price  is  low,  circuit¬ 
ry  cost  establishes  price.  As  a  result,  Exxon  announc¬ 
ed  it  was  abandoning  its  original  design.  (News  re¬ 
lease  —  dated  April  14,  1981.)  The  techniques  describ¬ 
ed  below  are  in  competition  with  the  transistor  inver¬ 
ter  and  must  always  be  compared  to  this  device. 

A  competing,  albeit  potentially  more  versatile 
technique,  involving  tap  changing,  is  described  in  the 
next  section.  The  tap  converter  offers  significant 
improvements  in  VSCF  generator  ouput  waveshapes  and  in 
motor  speed  control.  Harmonic  content  is  reduced  and 
the  waveshapes  are  continuous.  Frequency  reduction 
limits  of  less  than  three-to-one  are  possible.  There¬ 
fore,  unlike  cycloconverters,  tap  converters  need  not 
be  operated  in  an  "inverter  mode”  at  slower  machine 
speeds. 

Tap  Converters 

A  typical  tap  convertar  circuit  design  is  shown  in 
Figure  1.  The  circuit  shown  utilizes  twelve  SCR 
switches.  The  minimum  number  which  would  allow  for 
both  voltage  and  frequency  reductions  is  eight.  In  a 
tap  changer  mode  of  operation  (i.e.,  where  only  voltage 
stepdovn  is  required)  precisely  one-half  of  the  switch¬ 
es  may  be  eliminated.  Therefore,  the  minimum  number  of 
SCR  switches  required  in  a  tap  changer  mode  is  four. 

Four  possible  modes  of  operation  are  shown  in  Figure  1 
along  with  the  resulting  output  waveshapes.  Mode  one 
or  full  voltage  operation  is  produced  by  firing  se¬ 
quence:  3,  -3,  3-3. ..etc.  Mode  two  or  tap  changer  se¬ 
quence  is  produced  by  firing  the  SCR  switches  at  a 
lower  level,  for  exasple:  2,  -2,  2-2... or,  1,  -1,  1-1... 
etc.  The  full  tap  conversion  possibilities  are  ac¬ 
complished  by  firing  sequences  such  as  2,  2',  -2',  -2, 

2,  2’... etc  ,  or  1,  1',  1,  -1',  -1,  -l'...etc.  Finally 
the  circuit  may  be  operated  in  cycloconverter  and  cyclo- 
eon  verter/tap  converter  nodes  by  merely  delaying  the 
firing  times. 

Both  tap  converters  and  eycloconverters  have  the 
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Figure  i.  A  three-step,  two-way,  single  phase  tap  converter  circuit 


advantage  vhan  coagxrad  to  a  rectifiar/invertar  combi¬ 
nation  because  they  rely  on  supply  voltage  coanutation. 
The  rectifier/inverter  combination  requires  either  as¬ 
ternal  circuitry  or  operation  into  a  leading  power  fac¬ 
tor  load.  The  leading  power  factor  forces  commutation 
by  sending  a  reverse  current  to  the  previously  conduct¬ 
ing  SCR.  The  disadvantages  of  the  cyeloconvmrter  are! 
minimum  fraqurancy  reduction  of  three-to-one  and  chop¬ 
py  waveforms.  A  solution  to  both  problems  is  shewn  in 
Figure  1. 

The  technique  of  changing  both  voltage  and  fra- 
quency  by  switching  between  tape  is  a  new  addition  to 
the  current  alternative  methods  of  inversion  and  cyclo¬ 
conversion.  A  single  phase  version  of  the  output  is 
shown  in  Figure  2.  The  full  advantages  of  tap  changing 
circuits  ara  realised  in  multiphase  operation.  (Fig¬ 
ure  3.)  Consider  the  two  waveahapes  shown  in  Figures 
2  and  3.  As  in  the  casa  of  the  cycloconverter,  com¬ 


mutation  is  accomplishsd  because  of  changes  in  the  sup¬ 
ply  voltage .  The  cycloconversion  technique  has  been 
improved  upon  by  creating  stepped  variation  in  the 
amplitude  of  the  input  waveshape.  The  result  Is  smooth¬ 
er  output  wave  with  less  destructive  harmonic  content. 
The  number  of  SCR  switches  required  increases  with  the 
number  of  taps.  Finally,  the  coat  of  the  system  does 
not  inerssse  directly  with  the  number  of  SCR  twitches 
required  by  the  designer.  For  sxaaele,  the  1  unit 
asplituds  tap  in  a  1234  tap  converter  carries  only  one- 
fourth  the  current  of  the  four-unit  tap  and  so  on. 
Therefore,  maxima  currant  ratings  and  cost  are  signi¬ 
ficantly  reduced. 

Tap  converter  gating  saquanees  must  includa  pro¬ 
visions  which  avoid  shorting  transformar  coils.  Con¬ 
sider  a  stap  up  from  point  (a)  to  point  (b)  in  Figures  2 
or  3.  Switch  SCRtK  commutates  SCR#K'*1  and  step  up  is 
completed.  A  similar  combination  of  events  occurs, 
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Figure  2-  Single  phase  tap  converter  output 

showing  5-6  to  1  frequency  reduction 


Figure  3.  Multiphase  (2)  tap  converter  output 
showing  5-6  to  1  frequency  reduction 


respectively,  when  a  step  down  from  point  C  to  point  D 
Ms  required.  Switch  SCR#K  commutates  SCR"K'-l  when 
4he  lower  tap  voltage  rises  above  the  higher  tap  volt¬ 
age  (in  multiphase  circuits) ,  or  when  the  current  passes 
through  zero.  If  the  load  on  the  tap  converter  has  a 
lagging  power  factor,  a  triggering  signal  may  cause  a 
tap  short  circuit  and  loss  of  load  power.  A  short  cir¬ 
cuit  would  result,  for  example,  when  as  SCR#1  is  still 
conducting  the  voltage  waveshape  changes  polarity. 

This  calls  for  a  triggering  of  SCR#1'  or  SCR#2'  if  a 
step  down  is  called  for.  Similar  shorts  can  occur 
through  a  variety  of  paths  and  are  eliminated  by  logic 
circuits  that  control  the  gate  drive  circuitry.  To 
prevent  tap  shorting,  the  control  circuit  must  place 
a  gate  drive  c\  a  subsequent  tap,  only  when  the  pre¬ 
vious  tap  switch  has  been  extinguished.  In  other  vords, 
the  gate  control  circuitry  must  tap  change  in  accord¬ 
ance  with  the  existing  load  power  factor.  Consider 
the  waveshapes  and  the  firing  order  shown  in  Figures 
2  and  3.  Waveshapes  are  smooth,  approximately  sinu¬ 
soidal  and  are  lower  in  harmonic  content  than  the  wave¬ 
form  of  the  competing  cycloconverter  or  rectifier/in¬ 
verter.  Finally,  where  cycloconversion  is  employed, 
the  cycloconverter  must  be  operated  as  an  inverter  at 
frequencies  which  are  above  one-third  of  the  supply 
frequency.  This  restriction  does  not  apply  in  the  csss 
of  the  tap  converter.  »  wide  variety  of  algorithms  are 
available  for  tap  converter  programs.  Optimum  programs 
may  be  developed  to  control  specific  undesirable  har¬ 
monics,  depending  upon  application. 

The  major  drawback  of  using  tapped  generator  wind¬ 
ings  to  achieve  the  desired  modulation,  is  the  increas¬ 
ed  number  of  required  thyristor  switches.  This,  of 
course ,  raises  the  total  cost  and  weight  of  the  conver¬ 
ter.  It  is  not,  however,  unreasonable  to  assume  that 
.  the  cost  of  the  silicon-controlled  rectifiers  will  con¬ 
tinue  to  decrease  in  the  coming  years,  (tors  important¬ 
ly,  the  required  voltage  and  current  rating  of  the  ad¬ 
ditional  thryistors  required  for  taps  are  much  lower 


and,  as  previously  stated,  the  total  thryistor  price 
might  less  than  double,  even  if  more  than  two  taps  are 
used. 

In  single-phase  applications  the  tap  converter  is 
many  ways  superior  to  the  cycloconverter. 

In  the  tap  converter,  the  input  displacement  fac¬ 
tor  is  very  close  to  one  given  a  unity  displacement 
factor  load,  since  phase  delay  modulation  is  not  neces¬ 
sary.  Also,  the  output  voltage  waveform  is  much  smooth¬ 
er  -  and  its  instantaneous  deviation  from  the  wanted  com¬ 
ponent  is  on  the  average  much  smaller  than  that  of  the 
cycloconverter.  In  addition,  savings  can  be  made  in 
the  cost  of  protective  SCR  circuitry  required  since 
voltage  transients  (dv/dt)  are  significantly  reduced, 
compared  with  the  single  phase  cycloconverter. 

The  tap  converter  mode  of  operation  introduces 
quantization  error  which  is  highly  dependent  on  the 
number  of  taps.  Operation  in  the  tapped  cycloconverter 
mode  can  eliminate  this  error.  However,  some  of  the 
advantages  of  the  tap  converter  are  then  lost  (or  re¬ 
duced)  . 

A  multiphase  comparison  requires  laboratory  tests 
and  computer  simulations  to  make  the  trade-offs  more 
definite.  However,  input  displacement  factor  improve¬ 
ment  and  smoother  output  waveforms  are  also  the  main 
advantages  of  the  multiphase  tap  converter. 

It  is  clear  that  a  multiphase  tap  converter  will 
produce  sinusoidal  waveshapes  with  the  least  harmonic 
content.  A  design  for  a  two-phase,  four-pulse  tap  con¬ 
verter  employing  a  Scott  transformer  for  three  to  two 
phase  conversion  was  considered.  This  type  of  con¬ 
verter,  while  it  achieves  a  smooth  and  relatively  har¬ 
monic-free  output  voltage  waveshape,  has  only  a  slight¬ 
ly  higher  thyristor  cost  than  the  conventional  three- 
phase,  six-pulse  cycloconverter.  However,  because  of 
time  and  budget  considerations,  a  single-phase  tap  con¬ 
verter  circuit  was  used  in  the  experimental  evaluation. 

Experimental  Test  Results  -  Single-Phase  Design 

An  experimental  version  of  the  three-step,  two-way 
single-phase  tap  converter  is  shown  in  Figure  4,  where  the 
gate  control  has  been  designed  to  produce  the  following 
prearranged  firing  sequence  of  thyristors:  1,  2’,  3,  3', 
2,  l'-l,  2,  -3',  -3,  —  2 * — 1 :  or  1',  2,  3’,  3,  2’,  1,  -1, 
-2',  -3,  3 '-2,  -1’,  depending  on  the  phase  of  the  input 
voltage  at  the  starting  point.  This  circuit  is  there¬ 
fore  designed  to  produce  a  six-to-one  frequency  reduc¬ 
tion  with  a  unity  displacement  factor  load.  Figure  5 
shows  the  voltage  waveform  appearing  accross  a  purely 
resistive  load.  The  effect  of  an  inductive  load  on 
the  output  voltage  and  current  waveforms  of  the  three- 
step  tap  converter  circuit  illustrated  in  Figure  4  is 
shown  in  Figure  6,  (a)-(d).  Each  successive  photograph 
corresponds  to  a  mort  reactive  load  than  the  previous 
one.  The  firing  arrangement  is  the  same  as  for  the 
purely  resistive  load.  However,  due  to  the  inductive 
nature  of  the  load,  and  to  the  particular  firing  scheme, 
the  given  bank  is  always  switched  on  one-half  of  the  in¬ 
put  cycle  later  than  in  the  resistive  case.  For  ex¬ 
ample,  if  thyristor  “1"  is  the  last  one  fired  before 
the  negative  bank  is  switched  on,  thyristor  "-1"  is  to 
receive  the  triggering  pulse  at  the  beginning  of  the 
next  input  voltage  half-cycle.  However,  with  an  induc¬ 
tive  load,  the  current  stays  positive  past  the  voltage 
zero-crossing,  and  thus  SCR  "1"  is  still  conducting 
when  *-l"  receives  the  triggering  pulse.  Thyristor 
"-1"  Is  therefore  prevented  from  turning  on.  If  the  in¬ 
ductive  load  is  such  that  the  delay  in  the  current  zero¬ 
cronsing  does  not  .  xceed  the  duration  of  the  input  volt¬ 
age  half-cycle,  circulating  current-free  operation  is 
achieved.  No  detection  of  current  zero-croesings  is 
required:  but  a  sligh.  amount  of  distortion  must  then 
be  tolerated.  Figures  6,  (a)-(c)  illustrate  such  caees. 

The  possitlity  of  shorts  occuring  with  more  induc¬ 
tive  loads  is  demonstrated  In  Figure  6,  (d) .  This  can 
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Figure  4 


frequency 


Figure  5 


.  Experimental  version  of  a  single  phase  tap  converter.  The  control  circuitry 
for  a  prearranged  firing  pattern  is  shown  in  block  diagram  form. 


*  50  ohms 
stepdown  60/10  H* 


.  The  voltage  across  the  load  of  the  eingle  phase  tap  coverter  operating  into  a 
resistive  load. 
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cause  damage  to  the  generator  winding  or  thyristors 
as  the  circuit  does  not  include  (lor  economic  reasons) 
circulating  current  reactors. 

The  tap  converter  can  perform  reliably  if  operated 
_-.n  either  the  circulating  currant-free  node  (using  the 
current-sensing  circuitry,  or  in  the  circulating  cur¬ 
rent  node.  However,  some  additional  departure  from  the 
expected  output  voltage  waveshape  takes  place  when  the 
tap  converter  is  feeding  an  inductive  load.  This  de¬ 
parture  may  be  seen  by  examining  Figure  6,  (c)  and  (d) . 
The  distortion  occurs  especially  in  the  beginning  of 
each  output  voltage  half-cycle,  where  the  rate  of 
change  of  current  is  by  far  the  highest.  This  is  the 

result  of  type  voltage  fluctuations  across  the  in- 
dt 

ductive  load,  and  occurs  because  the  voltage  impressed 
on  the  load  at  a  given  time  is  not  "rigid";  that  is 
because  the  conducting  thyristor  has  some  impedance. 

This  problem  is  common  to  all  modes  of  operation,  and 
can  be  countered  only  by  introducing  closed- loop  con¬ 
trol  of  the  output  voltage  to  supplement  the  algorithm. 

Conclusions 

The  operation  of  the  tap  converter  has  been  examined 
with  a  view  to  its  usefulness  in  VSCF  generation  sys¬ 
tems.  A  single-phase  tap  converter  has  been  built  and 
tested  to  facilitate  the  comparison  with  the  convention¬ 
al  frequency  changing  devices.  The  tap  converter  relies 
on  AC  supply  commutation,  acts  as  a  favorable  load  on 
the  input  AC  system,  and  is  capable  of  operation  into 
any  type  of  load.  Therefore,  the  tap  converter  offers, 
in  many  respects,  a  significant  improvement  over  the 
alternative  methods  of  frequency  conversion.  The  ab¬ 
sence  of  cycloconverter  discontinuities  in  the  load 
voltage  results  in  a  very  smooth  output  waveshape, 
especially  in  multiphase  operation.  The  tap  converter 
s  wall  suitad  for  use  in  wind-powered  VSCF  systems. 
Jnlike  the  cycloconverter,  it  can  perform  voltage  regu¬ 
lation  over  a  wider  range  without  deterioration  of  the 
input  power  factor.  Feedback  regulation  of  the  alter¬ 
nator  fiald  current  is  not  necessarily  required.  It 
can,  therefore,  be  concluded  that  the  tap  converter 
represents  an  attractive  alternative  to  the  conventional 
frequency  changing  techniques. 
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Ficure  6  (cont. )  The  load  voltage  and  current  of  a  single  phase  tap  converter  operating 
6  into  an  inductive  loadi  trace  A-  voltage,  trace  B-  current, 
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Abstract 

Capacitors  and  explosives  are  the  only  devices 
that  are  traditionally  used  for  storing  energy  for 
long  periods  of  time  when  the  need  exists  to 
release  this  energy  very  rapidly,  at  very  high 
powers.  Rotary  energy  stores,  e.g.,  flywheels,  are 
also  capable  of  storing  energy  for  reasonably  long 
times  (i.e.,  tens  of  minutes),  but  until  recently, 
the  minimun  discharge  times  for  these  stores  have 
been  the  order  of  a  tenth  of  a  second. 

This  paper  discusses  a  new  rotational  energy 
store,  the  rotary  flux  compressor,  that  has  produced 
high  power  electrical  discharges  of  less  than  one 
millisecond  in  duration.  Computer  codes  have  shown 
the  feasibility  of  machines  that  will  deliver  up  to 
15  megajoules  in  single  or  multiple  sub-mi Misecond 
impulses. 

Several  types  of  rotary  flux  compressors  exist, 
including  the  Compulsator,  the  Active  Rotary  Flux 
Compressor  (ARFC),  and  the  Brushless  Rotary  Flux 
Compressor.  The  ARFC  is  currently  under  development 
at  LLNL  and  the  University  of  Texas.  It  requires 
startup  energy  (via  a  capacitor),  but  tests  to  date 
demonstrate  15  times  more  energy  delivered  by  the 
machine  than  Is  stored  by  the  startup  capacitor. 

This  paper  discusses  the  conclusions  drawn  from 
these  tests. 

Sumwary 

The  results  of  tests  with  an  8-inch  rotor  ARFC 
have  proven  conclusively  that  rotary  flux 
compression  is  feasible.  The  machine  has  produced 
peak  output  current  of  25  kA,  with  a  ratio  of  peak 
to  startup  current  as  high  as  17  and  pulsewidth  as 
low  as  590  usee  (FWHM).  The  ratio  of  energy 
delivered  to  Initial  energy  stored  In  the  startup 
capacitor  was  15  at  the  highest  rotor  speeds  of 
5600-plus  rpm.  We  noted  that  this  ratio  is 
Independent  of  startup  energy,  but  it  Increases  with 
machine  speed.  Thus  one  can  deliver  any  desired 
energy  from  the  machine  by  the  simple  expedient  of 
varying  the  voltage  on  the  startup  capacitor. 

A  computer  code  predievj  this  machine's  output 
current  with  reasonable  accuracy.  An  additional 
feature  of  the  code  allows  machines  to  be  optimized 
from  the  many  variables. 

The  results  of  the  work  to  date  Indicate  that 
machines  of  the  present  design  are  feasible  up  to  a 
maximum  rotor  diameter  of  42  Inches.  This  dimension 
Is  established  by  the  maximum  available  width  of 
transformer-grade  silicon-steel  sheet  stock.  Larger 

) *Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Livermore 
National  Laboratory  under  contract  number 
W-7405-ENG-48. 


machines  will  suffer  from  the  reduced  performance 
expected  from  segmented  rotors.  A  size  scaling 
factor  will  also  degrade  the  specific  power  output 
of  very  large  ARFC's:  i.e.,  the  mass  scales  as  r 3 
whereas  the  maximum  available  power  scales  as  r? 

(r  »  the  rotor  radius). 

Machines  with  this  42- inch  rotor  diameter 
dimension  have  been  optimized  for  flashlamp  loads. 

Our  code  indicates  that  feasible  ARFC's  of  this  size 
can  deliver  up  to  15  meqajoules  in  a  one  millisecond 
pulse.  Such  a  machine  will  weigh  approximately  50 
metric  tons,  and  its  overall  dimensions  will  be  1.6  m 
diameter  by  about  4  m  long.  At  $30/kg,  machines  of 
this  size,  would  cost  >-oughlv  $1.5  M,  or  lOt/Joule, 
excluding  engineering  costs.  A  competitive 
capacitive  energy  store,  including  power  supplies, 
switches,  mountings  and  connections,  and  other 
peripheral  hardware  that  is  replaceable  by  the  ARFC 
presently  costs  S3M  for  15  megajoules,  or  20t/Joule. 

Introduction 

The  rotation  of  massive  cylinders  is  an 
attractive  means  of  storing  energy  because  of  its 
compactness  and  low  cost.  This  method  presents 
problems  for  pulsed  power  applications  however, 
because  of  the  difficulty  of  rapidly  releasing 
energy  from  the  store.  Usual  methods  of  converting 
mechanical  rotational  energy  to  electrical  power 
provide  discharge  times  no  better  than  about  a  tenth 
of  a  second.  We  present  here,  test  and 
calculational  results  from  a  new  inertial  energy 
store,  the  rotary  flux  compressor  (RFC)  that  has 
demonstrated  an  electrical  pulse  discharge  time  of 
590  microseconds. 

The  RFC  lends  itself  well  to  either  single  or 
multiple  pulsing,  and  the  energy  retrieved  during 
each  pulse  can  be  as  small  or  as  large  as  desired, 
up  to  virtually  100X  of  that  stored.  The  machine 
will  match  rather  high  impedance  loads,  with 
terminal  voltages  in  excess  of  10  kilovolts 
available.  Our  initial  purpose  in  developing  the 
RFC  was  to  provide  an  alternative  means  to  drive 
flashlamps  for  large  lasers,  replacing  the  presently 
used  bulky  (and  expensive)  systems  of  capacitor  bank 
modules. 

Rotary  Flux  Compressors 

Three  basic  types  of  rotary  flux  compressors 
have  been  tested  in  the  program:  the  compulsator, 
the  active  rotary  flux  compressor  (ARFC),  and  the 
brushless  rotary  flux  compressor  (BRFC),  Figure  1. 

The  ARFC  is  expected  to  be  the  most  cost  effective 
machine  for  use  with  flashlamp  circuits  because  it 
is  smaller  than  the  compulsator  and  more  efficient 
than  the  8RFC.  Also,  it  will  not  require  a  fast 
recovering  output  switch  to  prevent  multiple 
pulsing.  This  problem  is  Inherent  with  the 
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Run  No. 

Initial 

Speed 

(RPM) 

Final 

Speed 

(RPM) 

TABLE  1.  Summary  of  Test  Results  with  the  8-Inch 

Ratio: 

Inertial  Startup  Energy  Current  Peak  to 

Stored  Capacitor  Out  of  Peak  Pulse  Startup 

Energy  Energy*  Machine  Current  FWHM  Current 

(kJ)  (0)  (kJ)  (kA)  (msec) 

ARFC 

Energy 

Gain 

AR2  # 

b+r‘ 

25 

2143 

1925 

12.3 

363 

2.4 

5.1 

1.93 

7.3 

7.5 

7.6 

26 

3109 

2885 

25.9 

363 

3.6 

8.3 

1.15 

11.2 

10.9 

10.9 

27 

3077 

2600 

25.3 

738 

7.2 

11.3 

1.30 

10.3 

10.8 

10.8 

28 

3133 

2400 

26.3 

1124 

10.9 

13.0 

1.45 

9.4 

10.7 

11.0 

29 

3158 

2080 

26.7 

1508 

15.1 

13.6 

1.53 

8.3 

11.0 

11.0 

30 

3846 

2878 

39.6 

1508 

17.4 

17.2 

1.10 

9.6 

12.6 

12.6 

31 

4124 

3175 

45.6 

1508 

18.5 

18.2 

1.12 

10.9 

13.3 

13.1 

32 

4545 

4348 

55.3 

363 

4.7 

12.0 

0.73 

15.4 

13.9 

13.8 

33 

5381 

5217 

77.5 

363 

4.7 

13.6 

0.60 

15.4 

13.8 

14.7 

34 

5607 

5333 

84.1 

568a 

8.0 

17.1 

0.59 

17.0 

15.1 

15.0 

35 

5671 

5280 

86.1 

818b 

11.5 

19.5 

0.67 

15.1 

15.0 

15.0 

36 

5682 

4856 

86.4 

1660b 

23.3 

25.6 

0.79 

14.1 

15.0 

15.0 

♦Capacitors  charged  to  2, 

.0  kV,  except: 

**A  * 

17.92 

a  * 

2.5  kV 

B  « 

6.23 

b  * 

3.0  kV 

R  * 

Initial  RPM 

T355 

compulsitor  unless  a  large  fraction  of  the  energy 
Is  removed  with  the  first  pulse. 

The  ARFC  requires  a  startup  capacitor  that  will 
store  roughly  10X  of  the  total  energy  delivered  to 
the  load.  The  compulsator  has  somewhat  of  an 
advantage  in  this  regard  because  It  generates  its 
own  startup  current.  This  advantage  is  also  a 
liability,  however,  since  repeated  rotation  through 
the  field  will  cause  eddy  current  heating  in  the 
windings  and  core  losses  in  the  laminated  Iron. 

Thus  the  compulsator  will  require  a  larger 
sustaining  motor  than  the  ARFC.  The  compulsator 
also  needs  external  startup  energy  to  be  efficient, 
but  It  only  requires  about  half  that  of  an  ARFC. 

The  8RFC  is  an  interesting  machine  because  It 
is  the  simplest  of  the  rotary  flux  compressors.  It 
can  only  be  used  for  fast  pulse  operation,  however, 
because  of  current  diffusion  In  the  rotor.  It  also 
suffers  from  inefficiency  that  reduces  the 
available  power  output.  Because  of  Its  limitations 
this  machine  Is  not  currently  being  considered  as  a 
candidate  to  drive  flashlimps. 

The  8- Inch  Model  ARFC 

Because  of  the  advantages  inherent  with  the 
ARFC,  a  test  machine  was  constructed  with  an  8- Inch 
diameter  rotor,  24  Inches  long.  The  rotor  mass  and 
inertia  were  98  kg  and  0.488  kg.m2  respectively. 
This  machine  has  been  previously  described  *»*, 
and  preliminary  test  results  have  been  given, 3 
Further  results  of  our  analyses  are  presented  here. 

The  final  twelve  runs  with  the  machine  are 
listed  In  Table  1.  The  initial  and  final  speeds  of 
the  rotor,  before  and  after  the  pulse  are  given. 
These  speeds  are  provided  by  a  monitor  on  the  shaft 
that  marks  the  time  at  each  revolution.  The 
Inertial  energy  stored  In  the  rotor  and  the  energy 
stored  In  the  capacitor  Just  prior  to  the  pulse  are 
presented.  The  energy  out  of  the  machine  is 


calculated  by  subtracting  the  inertial  energy  In  the 
rotor  after  the  pulse  from  that  before  the  pulse. 
Note  that  up  to  56. 6%  of  the  energy  was  removed  from 
the  rotor  during  the  discharge  (run  number  29). 

The  current  pulse  was  monitored  with  a  Pearson 
301X  current  transformer.  The  peak  current,  current 
pulse  halfwidth  (full-width  at  half-maximum),  and 
ratio  of  peak  to  startup  current  are  also  given  for 
each  run  in  Table  1. 

The  energy  gain  given  in  the  table  is  calculated 
by  dividing  the  total  energy  removed  from  the  system 
by  the  initial  energy  stored  In  the  capacitor.  The 
energy  removed  includes  both  the  change  In  rotor 
energy  and  the  Initial  energy  in  the  capacitor.  Me 
note  that  this  energy  gain  coefficient  6  Is 
Independent  of  the  energy  In  the  capacitor:  It 
appears  to  be  dependent  only  upon  the  initial 
machine  speed,  increasing  with  speed  according  to 
the  relationship 

S  •  AR2/(B+R2)  (1) 

where  R  Is  the  Initial  speed  (thousands  of  RPM),  and 
A  and  8  are  found  to  be  17.92  and  6.23 
respectively.  The  final  coluan  lists  this  emperlcal 
result,  to  show  how  closely  It  fits  the  actual  gain 
measurement.  Energy  gain  vs  RPM  Is  plotted  In 
Figure  2. 

The  results  of  this  test  with  the  8-1nch  ARFC 
Indicate  that  an  arbltrarlal  large  fraction  of  the 
energy  stored  Inertlally  In  machines  of  this  type 
can  be  removed  in  a  single  pulse.  In  fact,  we 
believe  the  rotor  can  be  stopped.  If  need  be.  The 
results  also  show  that  the  energy  gain  Is  machine 
speed  dependent,  but  Independent  of  the  Initial 
energy  in  the  startup  capacitor.  At  a  given  RPM, 
therefore,  the  energy  delivered  Is  Just  the  gain 
factor  (at  that  RPM)  times  the  energy  In  the  startup 
capacitor. 


In  our  tests,  gain  factors  to  IS  were  observed. 
With  these  tests,  the  ARFC  was  driving  a  very  low 
impedance  load  (1.2  mn  ,  0.66  uH),  and  most  of  the 
energy  was  dissipated  in  the  machine  windings.  As 
machines  become  larger  than  our  model,  and  with 
fewer  turns  per  pole,  an  ARFC  will  better  drive 
external  loads.  (The  8- inch  ARFC  was  a  four  pole 
device  with  12  turns  per  pole.)  The  model  performed 
better  than  expected,  however,  and  it  verified  our 
computational  code.  As  a  result,  we  have  confidence 
in  the  ability  of  the  code  to  predict  the  performance 
of  large  ARFC's  driving  actual  flashlamp  loads. 
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Figure  2.  Energy  gain  versus  machine  speed  far  8-inch  ARFC 
THE  ROTARY  FLUX  COMPRESSOR  FAMILY 

The  Compulsator  is  a  three-winding  rotary  flux 
compressor .  To It age  is  produced  across  the 
armature  winding  as  It  rotates  through  a 
magnetic  field  created  by  the  field  winding. 

When  the  circuit  is  closed,  current  is  generated 
that  is  forced  to  flow  back  through  the 
compensating  winding.  This  latter  winding  is  as 
nearly  identical  to  the  armature  winding  as 
possible,  but  it  is  wound  on  the  member 
containing  the  field  winding  (i.e.,  the  stator 
if  the  armature  rotates,  or  the  rotor  if  the 
armature  is  stationary).  The  armature, 
compensating  winding,  and  load  are  all  in 
series,  connected  via  brushes  and  slip-rings, 
and  an  external  switch.  The  switch  is  closed 
when  the  inductance  in  the  armature/compensating 
circuit  is  high.  The  generated  voltage  starts 
current  to  flow  that  is  amplified  by  flux 
compression  as  the  two  windings  rotate  into 
their  lowest  inductance  position. 

The  Active  Rotary  Flux  Compressor.  ARFC,  has 
two-windings,  the  field  winding  is  omitted,  so 
the  machine  cannot  generate  its  own  current. 
Startup  current  is  supplied  from  an  external 
capacitor  bank  when  the  rotor  is  in  the  high 
inductance  position.  Flux  compression  provides 
a  high  current  output  pulse  as  the  machine 
rotates  to  the  low  Inductance  position.  The 
stator  and  rotor  windings  are  connected  in 
series  via  brushes  and  slip  rings  to  the 
external  circuit  comprising  a  startup  current 
source  and  the  load. 

The  Brushless  Rotary  Flux  Compressor.  BRFC,  has 
only  one  winding  ana  that  is  on  the stator . 
Startup  current  is  also  required  in  this 
machine,  but  the  startup  and  load  circuits  are 
only  connected  to  the  stator  winding  and  no  slip 
rings  or  brushes  are  used.  The  rotor  surface  is 
effectively  a  shorted  winding;  current  is 
Induced  in  this  "winding"  when  the  startup 
circuit  is  pulsed.  As  the  rotor  turns,  this 
Induced  current  in  the  rotor  opposes  the  current 
in  the  stator,  and  flux  is  compressed, 
generating  a  high  current  output  pulse. 
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An  AC  contactor  vith  a  high  interrupting  capa¬ 
bility  is  requit ed  in  some  types  of  power  electronic 
equipment,  particularly  whare  vacuum  or  gas-filled 
tubes  or  spark-gaps  are  involved.  In  some  severe 
environments,  a  semi-conductor  svitch  may  be  preferred 
to  an  electromechanical  relay  because  it  is  little 
affected  by  altitude,  climate  and  acceleration,  and  it 
is  more  compact  when  a  convenient  heat  sink  is  avail¬ 
able.  It  will  also  withstand  large  inrush  currents  on 
closure. 

Thyristors  connected  in  inverse-parallel  are 
preferred  to  rriacs  because  of  the  superior  electrical 
characteristics  attainable.  Driving  the  additional 
gate  involved  is  shown  to  be  a  small  penalty. 

The  PS2SN  module  consists  of  two  specially  passi¬ 
vated  square  thyristor  chips  in  a  flat  base  assembly 
with  internal  insulation  and  plastic  encapsulation. 

It  is  rated  to  interrupt  130  A  peak  in  a  low  power- 
factor  circuit  on  200  V  400  Ha  supplies.  Life  is  at 
least  10,000  operations  at  maximum  fault  level,  with  a 
23  A  rras  continuous  rating  at  90°C  heat-sink  tempera- 
Iture.  It  has  been  qualified  to  a  full  military 
specification  in  accordance  with  SS9000. 

Special  automatic  test  facilities  have  been  built 
which  simulate  every  aspect  of  AC  system  faults  while 
monitoring  device  behaviour.  Many  millions  of  full 
power  fault  condition  tests  have  been  carried  ouc  in 
the  course  of  the  development. 

1.  Introduction 

Semi-conductor  AC  switches  are  often  preferred  to 
electromechanical  relays  where  a  very  -rge  number  of 
operations  is  required,  in  severe  mechanical  environ¬ 
ments  or  for  use  at  high  altitudes.  It  is  the  object 
of  this  paper  to  show  how,  with  suitable  design,  they 
may  also  be  preferable  on  grounds  of  compactness  where 
severe  current  surges  are  encountered  during  opening 
or  closing. 

A  drawback  of  the  semi-conductor  AC  switch  is 
that,  due  to  the  voltage  drop,  there  is  an  appreciable 
dissipation  associated  with  the  paaaaga  of  load 
currant,  and  some  form  of  heat-sink  will  gansrally  be 
required.  In  electronic  equipment  this  is  not  usually 
too  serioua  becauaa  same  form  of  cooling  ayattm  is 
likely  to  ba  needed  for  other  components .  The  penalty 
may  ba  minimised  by  design  of  tha  device  package  for  a 
low  overall  thermal  resistance. 

The  twitch  to  ba  deter ibed  was  dsvs loped  to  con¬ 
trol  tha  supply  to  a  5  kW  transformer  and  rectifier  in 
a  transmitter.  Tha  main  requirement  was  to  ba  able  to 
interrupt  the  3  phase  200  V  400  Hx  AC  supply 
under  repeated  short-circuits  on  tha  DC  aide.  In 
section  2  the  circuit  it  analysed  to  determine  tha 
svitch  requirements. 

The  design  of  tha  PS23N  inverse-parallel  chyriator 
module  to  matt  theta  requirements  with  minimum  sixa  and 


weight  is  described  in  section  3.  A  full  military 
climatic  specif ication  was  required,  with  he at -sink 
temperatures  between  -SS°C  and  90°C. 

The  gate  drive  required  is  small,  but  it  mutt  ba 
electrically  isolated.  Hardware  devised  to  provide 
this  is  described  in  section  4. 

Sectioc  3  describes  special  automatic  teat  equip¬ 
ment  which  has  been  developed  for  reliability  tasting 
of  the  devices  under  circuit-breaking  conditions  at  up 
to  3S0  A  peak  current.  The  results  from  that*  and 
other  texts  designed  to  establish  reliability  in  tha 
military  environment  are  given. 

2.  Analysis  of  the  Switch  Requirements 

2.1  Blocking  Voltage  and  dv/dt  Requirements 

The  blocking-voltage  requirements  on  the  switch 
were  found  to  ba  dictated  by  stray  voltage  spikes. 

Surges  generated  by  the  (witch  during  circuit-breaking 
are  relatively  small  because  the  cut-off  current  is 
quite  small  (no  more  than  0.3  A  under  the  worst  con¬ 
ditions)  .  Snubbing  components  will  be  needed  across 
each  switch  to  limit  the  rate  of  rise  of  voltage  both 
during  circuit-breaking  and  in  the  presence  of  steep 
voltage  spikes  on  the  supply  lines.  To  minimize  their 
size,  a  high  dv/dt  rating  is  required  for  tha  switches. 

A  rating  of  300  V/ usee  was  adopted,  and  a  22  nP  capa¬ 
citor  in  series  with  a  47  0  rasistor  was  found  to  ba 
generously  adequate  for  snubbing  in  the  presence  of 
the  transformer  impedance.  Under  these  conditions  a 
surge  blocking  racing  of  750  V  was  '.ound  to  be  adequate 
for  the  switches. 

2.2  Current  Rating  Required 

To  supply  the  required  load  power  of  5  ktf  at 
minimum  continuous  supply  voltage  of  194  V  rms  the 
switch  in  each  line  oust  be  rated  for  at  leaat  13  A 
rms  continuous,  with  the  maximum  heat-sink  temperature 
of  90°C.  A  continuous  rating  of  25  A  rms  at  this 
temperature  was  eventually  adopted. 

When  working  under  these  conditions,  tha  switches 
are  also  required  to  act  as  a  circuit  brenksr  for 
short-circuits  on  the  DC  output.  This  means  that  they 
must  retain  their  forward  and  reverse  blocking  capa¬ 
bility  immediately  after  passing  the  current  surge 
which  results  from  a  symmetrical  short-circuit  abruptly 
applied  to  the  transformer  secondary  with  the  supply 
voltage  at  its  maximum  surg*  value  of  220  V  rms.  It 
was  aatabliahad  that  tha  effective  impedance  under 
theta  condition*  is  0.43  0  resiaciva  and  0.47  a  induc¬ 
tive  (at  400  Hz)  in  series  with  each  line.  When  a 
short-circuit  is  applied  abruptly  under  these  conditions 
ths  waveforms  of  the  three  line  currents  depend  on  the 
phase  of  the  supply  voltage  at  tha  instant  of  its 
application.  A  method  for  calculating  the  fault 
currant*  ia  given  in  tha  Appendix.  To  predict  which 
will  b*  tb*  worst  casa,  possible  failure  mechanisms  for 
tha  device  must  b*  considered.  Ths  risk  of  deteriora¬ 
tion  of  ths  structure  will  increase  with  the  paak 
silicon  temperature,  and  this  will  depend  on  tha 
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magnitude  and  duration  of  the  currant  aurga.  It  turna 
out  that  both  tha  magnitude  and  duration  peak  at  the 
same  value  of  phaje.  The  corresponding  current  wave- 
forma  for  the  three  twitches  are  shown  in  fig  la.  It 
was  assumed  that  the  gate-drives  are  shut  off 
isBediately  after  the  fault,  and  that  each  switch 
blocks  at  the  first  current  zero  thereafter.  Because 
it  is  a  three— wire  system,  the  sum  of  the  currents 
will  be  equal  to  zero.  The  peak  current  is  265  A  and 
the  duration,  defined  as  the  duration  of  a  |  sine  wave 
of  equal  i2t  value,  is  about  1.3  msec. 

Another  possible  failure  mechanism  is  temporary 
loss  of  forward  blocking  due  to  excessive  silicon 
temperature,  possibly  locally  within  tha  chip. 

Because  the  thermal  time-constant  of  the  silicon  to 
the  surrounding  metal  parts  is  estimated  to  be  below 
1  msec,  the  risk  of  forward  blocking  failure  was 
thought  to  be  greatest  when  the  duration  of  the 
inverse  voltage  was  shortest.  The  switch  voltage 
waveforms  for  che  case  of  fig  la  are  given  in  fig  lb, 
and  this  was  thought  to  be  close  to  the  worst  case 
(for  switch  No  2).  However,  even  if  a  twitch  does 
fail  to  block  forward  voltage,  tha  alemant  of  redun¬ 
dancy  inherent  in  a  3  wire,  3  switch  arrangement 
ensures  that  the  circuit  will  be  interrupted.  The 
waveforms  for  this  case  are  shown  by  dashed  lines  in 
fig  1. 

If  the  most  probable  failure  mode  for  a  semi¬ 
conductor  switch  it  a  permanent  short  circuit,  then 
there  will  be  effective  redundancy  from  tha  reliability 
standpoint  provided  that  the  switches  are  adequately 
rated  for  the  more  severe  conditions  which  can  arise 
in  this  case.  This  hat  been  investigated  with  the 


result  shown  in  fig  2a  and  b.  The  forward  current  is 
more  severe  with  a  peak  value  of  305  A  and  the  equiva¬ 
lent  duration  of  1.6  msec. 

3.  Power  Device  Design 

A  pair  of  thyristors  connected  in  inverse- 
parallel  were  chosen  for  this  switch  in  preference  to 
a  triac  because  the  thyristor  pair  offered  higher 
dv/dt  and  repetitive  surge  capabilities  owing  to  the 
electrical  and  thermal  separation  of  opposite  elec¬ 
trical  quadrant  device  areas. 

The  choice  of  a  flat  base  plastic  encapsulation 
was  made  because  it  had  a  number  of  significant  advan¬ 
tages.  For  example,  che  flat  base  provided  excellent 
thermal  contact  with  the  heatsink  and  all  electrical 
contacts  were  conveniently  made  on  the  same  side  of 
the  unit  which  could  therefore  be  mounted  directly  on 
to  a  cooled  enclosure  surface.  Internal  electrical 
isolation  was  considered  essential  since  it  was  more 
efficient  and  reliable  than  external  insulation  which 
is  vulnerable  to  minor  errors  of  assembly.  The 
adoption  of  a  plastic  encapsulation  also  enabled  the 
assembly  to  be  kept  very  compact  although  it  did  not 
provide  a  truly  hermetic  environment  for  the  thyristor 
pellets. 

These  edvantages  were  sufficiently  attractive  to 
provide  the  incentive  to  tackle  che  severe  require¬ 
ments  imposed  by  the  non-hermetic  plastic  on  che 
thyristor  passivation  system.  High  electric  fields 
occur  at  the  periphery  of  the  thyristor  pellets  where 
the  blocking  junctions  are  terminated.  For  reliable 
operation  the  passivation  layers  applied  to  these  high 
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Figure 

l  f ij.eld  region*  must  provide  adequate  dielectric 

•crength  coupled  with  protection  from  ionic  contami- 
ation. 

The  solution  adopted  for  the  PS25N  is  shown  in 
fig  3.  It  differed  from  conventional  glass  passi¬ 
vation  by  the  additional  thin  HIVOX  layer  interposed 
between  the  silicon  and  glass  surfaces.  This  HIVOX 
layer,  which  was  formed  by  low  pressure  chemical 
vapour  deposition  (LPCVD)  of  polysilicon,  acted  to 
neutralise  the  effects  of  surface  charges  on  the 
underlying  silicon  while  the  thick  outer  glass  layer 
provided  the  required  additional  dielectric  strength. 

Internal  isolation  of  the  thyristor  chips  and 
their  contacts  from  the  copper  base  was  achieved  via 
metallised  alumina  preforms.  Considerable  differences 
in  expansion  coefficient  between  the  various  materials 
in  the  assembly  were  inevitable  and  contact  materials 
were  therefore  chosen  with  care  in  order  to  achieve 
reliable  operation  over  a  wide  range  of  temperatures. 

The  thyristor  chip  was  mounted  onto  a  silver  plated 
molybdenum  disc  chosen  for  its  close  expansion  match 
to  silicon  and  fatigue  resistant  multicomponent 
solders  were  used  for  all  the  joints.  Components  were 
also  dimensioned  to  balance  thermal  and  fatigue 
resistances. 

During  che  development  of  this  assembly  it  was 
found  essential  to  prevent  direct  contact  of  the  plas¬ 
tic  filler  tutorial  with  the  silicon  chip  and  its 
mediate  contacts  in  order  to  prevent  mechanical 
damage  byocha  plastic  when  operating  at  temperatures 
below  -35  C.  This  separation  was  achieved  in  practice 
by  placing  a  FT ft  cap  over  each  thyristor  pellet 
^  filling  the  assably  case  at  shown  in  fig  4. 

*  t  The  high  repetitive  surge  current  rating,  rather 
than  che  average  current  requirement,  dictated  the 
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circuits.  A  convenient  way  to  obtain  tba  isolation 
and  also  to  satisfy  the  simultaneous  switching  require¬ 
ments  is  to  use  a  single  transformer  having  six 
secondary  windings,  the  primary  being  fed  with  a  high- 
frequency  square-wave  from  a  low  impedance  source. 

Such  a  transformer  for  operation  at  100  kHz  need  occupy 
no  mors  than  one  cubic  inch.  Each  secondary  would  be 
fitted  with  a  bridge  rectifier  and  a  current  limiting 
resistor.  Shottky  rectifiers  such  as  the  DJ5818  may 
be  preferred  on  grounds  of  efficiency.  The  total  power 
consumption  of  the  driver  in  the  operating  state  would 
be  about  7  watts.  In  the  off  state,  it  would  be 
negligible.  A  possible  circuit  for  operation  from  low- 
voltage  DC  is  shown  in  fig  5. 


Figure  5  Drive  Circuit  for  3-Phase  Switch 


Figure  4  Final  Assembly  Design 

dimension*  of  the  silicon  chips  and  internal  contacts. 
The  cathode  contact,  particularly,  was  designed  to 
provide  a  maximum  of  contact  area  to  the  diffused 
thyristor  cethode  region  end  strict  processing  controls 
were  implemented  to  ensure  uniform  high  quality  joints. 

A.  Cate  Driving  Circuits  for  the  PS25N 
A. 1  gate  Drive  Requirements 

The  PS25N  is  rsted  for  DC  gets  drive,  provided 
that  the  drive  is  applied  and  removed  simultaneously 
on  both  gates  of  the  deviea.  DC  gatt  driva  may  be 
preferred  on  grounds  of  simplicity,  sines  no  synchroni¬ 
zation  ii  involved,  and  veraetility,  sines  thera  is  no 
requiremant  on  tha  load  to  peat  currant  continuously 
during  each  conduction  pariod. 

For  satisfactory  triggaring  throughout  tha  ratad 
temperature  range  while  eliminating  tha  risk  of  damage 
due  to  excessive  inverse  currant  in  the  thyristors, 
the  DC  gate  drive  must  lie  in  the  range  50  mA  to  100  mA. 
The  gate-cathode  voltage  will  lie  between  0.5  V  end 
2.5  V.  Due  to  the  provision  of  localizad  intarnal 
gata-catboda  short-circuits,  tha  iapadanet  of  tha 
external  gats  circuit  is  not  important  to  the  blocking 
and  dv/dt  characteristics. 

A. 2  DC  Cata  Driva  Circuits 

A  suitable  circuit  for  driving  one  gats  of  tha 
PS25H  would  have  an  emf  of  9  T  t  0.5  7  DC  with  an 
impedance  of  100  S3  t  5 Z.  Six  isolated  gate  drive 
circuits  ara  required  for  e  3-pheae  twitch,  with 
insulation  for  2000  V  paak  taat  to  ground  and  betvean 


5.  Tasting  and  Test  Raaulta 

5.1  Reliability  Testing  Results 

The  tests  of  specific  interest  for  this  plastic 
encapsulated  unit  were  as  follows: 

(a)  Electrical  endurance  for  which  eight  units  were 
subjected  to  2000  hrs  blocking  at  maximum 
repetitive  voltage,  VRM,  end  maximum  junction 
tamperature.  Ho  failures  were  observed. 

(b)  Rapid  change  of  temperature  plus  damp  hast  cyclic 
for  which  sight  units  were  subjected  to  five  cycles 
of  -55  C  to  +90  C  followed  by  six  2A  hr  cycle*  of 
damp  hear  to  SS2011  Part  2.1  Da.  On*  allowable 
failure  we*  observed. 

The  overall  reault  wa*  that  all  BS9000  tattt  were 
successfully  passed. 

5.2  Equipment  for  Testing  Under  Circuit-Breaking 
Conditions 

In  the  interests  of  economy  and  silence,  it  wa* 
decided  to  generate  the  waveforms  using  inductors  and 
capacitors  rather  then  an  alternator.  This  only  enables 
the  fault  current  to  be  simulated,  the  effect  of  the 
normal  full-load  current  is  simulated  by  pre-heating  the 
whole  package  to  e  tamperature  somewhat  above  the  esti¬ 
mated  maximum  silicon  tamperature  which  could  arise 
under  the  continuous  rating*. 

The  high  power  pert  of  the  circuit  is  shown  in  i 
fig  6.  The  capacitor  beak  totalling  about  AAO  uf  1* 
pre-charged  by  a  controlled  rectifier  to  a  pre¬ 
determined  voltage  in  the  vicinity  of  A50  V.  The  device 
under  test  (DVT)  then  discharge*  this  through  an 
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Figure  6  Test  Circuit 


induccor,  which  swings  Che  capacitor  voltage  to  about 
-350  V,  in  the  process  passing  a  current  of  half- 
sinewave  shape  with  peak  current  up  to  350  A  and 
duration  1.6  msec.  When  the  current  ceases,  the 
capacicor  voltage  appears  as  inverse  voltage  across 
the  DUT  (see  fig  7).  After  a  selected  interval,  an 
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NUMBER  OF  SHOTS  *  1000  - * 


Figure  8  Test  Results 

Additional  testing  was  carried  out  with  device 
junction  temperatures  of  110-112°C.  So  failures 
occurred  at  less  than  20,000  shots  and  the  mean  number 
of  shots  to  failure  was  in  excess  of  54,000. 

These  results  demonstrate  a  very  satisfactory 
performance  under  worst  conditions  and  the  device  has 
been  qualified  to  a  full  military  specification  in 
accordance  with  BS9000. 


Appendix  -  Calculation  of  the  Switch  Currents 
in  a  Symmetrical  3-Phase  Circuit  Assuming 
Switches  Open  at  Zero  Current 

A1  The  Method 


We  shall  first  obtain  a  general  analytical 
solution  for  the  single-phase  circuit  using  the  Laplace 
Transformation. 


auxiliary  thyristor  is  triggered  and  recharges  the 
capacitors  to  about  ♦  320  V  through  a  second  inductor. 
The  capacitors  are  then  recharged  by  the  controlled 
rectifier  to  the  initial  voltage  and  after  a  suitable 
interval  the  cycle  is  repeated.  The  voltage  is  moni¬ 
tored  at  the  parts  marked  X  on  the  waveform.  If  the 
initial  capacitor  voltage  falls  outside  a  tolerance 
of  1  U  of  the  target  value,  the  test  is  aborted  and 
the  fault  indicated.  If  the  subsequent  voltages  or 
the  peek  current  ere  too  small  the  fault  is  indicated 
and  the  test  is  stopped  at  the  end  of  the  cycle.  The 
device  leakage  currents  are  monitored  at  the  points  X 
and  the  values  displayed. 

5.3  Test  Results  Under  Circuit-Breaking  Conditions 

The  bulk  of  the  special  surge  testing  was  carried 
out  under  particularly  severe  conditions  with  junction 
temperatures  in  the  range  125°C  to  135  C  as  compared 
to  a  maximum  operating  junction  temperature  of  125  C. 

The  results  are  presented  in  fig  8  end  show  only 
one  failure  at  less  than  che  required  5000  shots. 


Ue  shall  then  show  that  the  solution  suffices  for 
the  calculation  the  the  switch  currents  in  the  3-phase 
case  provided  that  the  initial  currents  in  che  3  lines 
are  balanced. 

A2  Fault  Current  in  Single-Phase  AC  Circuit  with 
Arbitrary  Initial  Current 


<■  a  <• 


The  circuit  to  be  analysed  is  shovn  in  fig  Al. 
The  generator  EMF  is  given  by:- 
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M.  A.  Newton,  M.  E.  Smith,  0.  L.  Bint,  D.  R.  Branum 
E.  G.  Cook,  R.  L.  Copp,  F.  0.  Lee,  L.  L.  Reginato,  D.  Rogers,  and  G.  C.  Speckert 

Lawrence  Livermore  National  Laboratory 
P.  0.  Box  308 
Livermore,  CA.  94550 


Introduction 


The  Advanced  Test  Accelerator  (ATA)  is  a 
pulsed,  linear  .induction,  electron  accelerator  cur¬ 
rently  under  construction  and  nearing  completion  at 
Lawrence  Livermore  National  Laboratory's  Site  300 
near  Livermore,  California.  The  ATA  is  a  50  MeV, 

10  kA  machine  capable  of  generating  electron  bean 
pulses  at  a  1  kHz  rate  in  a  10  pulse  burst,  5  pps 
average,  with  a  pulse  width  of  70  ns  FWHM.  Ten  18 
kV  power  supplies  are  used  to  charge  25  capacitor 
banks  with  a  total  energy  storage  of  8  megajoules. 
Energy  is  transferred  from  the  capacitor  banks  in 
500  microsecond  pulses  through  25  Compand  Resonant 
Charge  units  (CRC)  to  233  Thyratron  Switch 
Chassis.  Each  Thyratron  Switch  Chassis  contains  a 
2.5  microfarad  capacitor  and  is  charged  to  25  kV 
(780  joules)  with  voltage  regulation  of  +  .05X. 
These  capacitors  are  switched  into  10:1  ?tep-up 
resonant  transformers  to  charge  233  Blumleins  to 
250  kV  in  20  microseconds.  A  magnetic  modulator  is 
used  instead  of  a  Blumleln  to  drive  the  grid  of  the 
injector  (see  Figure  1). 
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Figure  1 

The  Experimental  Test  Accelerator  (ETA)  has 
served  as  a  technology  base  for  all  of  the  major 
components  of  the  Power  Conditioning  System  for  the 
ATA,  although  many  changes  have  been  Incorporated 
tnto  the  ATA  system  to  improve  reliability  and  per¬ 
formance.1  A  prototype  test  stand  Incorporating 
all  major  power  conditioning  components  was  con¬ 
structed  and  used  for  development  work  and  testing 
of  the  major  components  for  millions  of  shots. 
Another  test  systma  was  built  to  test  all  233 
Thyratron  Switch  Chassis  for  at  least  100,000  shots 
at  full  voltage  (25  kV)  and  current  (10  kA).  This 


system  was  also  used  for  the  development  and 
testing  of  the  electronic  control  circuits  for  the 
power  conditioning  system. 

Overall  Power  Conditioning  System 

There  are  three  separate  power  conditioning 
systems  in  ATA  which  are  Identical  except  for  out¬ 
put  power  level  (Figure  1).  The  largest  power 
conditioning  system  is  used  to  drive  the  190  accel¬ 
erator  cells  while  the  other  two  systems  separately 
drive  the  10  Injector  cells  and  the  trigger 
system.  The  power  conditioning  was  arranged  in 
this  manner  to  allow  the  accelerator  to  operate  at 
different  levels  than  the  Injector  since  the  spark 
gap  gas  systems  are  separate.  The  injector  and 
trigger  systems,  however,  are  tied  to  a  canon  gas 
system  and  their  output  levels  cannot  vary  by  more 
than  2W  before  jitter  begins  to  be  Intolerable.  A 
block  diagram  of  the  basic  power  conditioning  sys¬ 
tem  is  shown  in  Figure  2. 
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Power  Supplies 

There  are  ten  power  supplies  in  the  system  of 
four  different  ratings.  Except  for  component 
sizes,  they  are  essentially  identical.  The  basic 
schematic  is  shown  in  Figure  3.  SCR  phase  control 
is  used  in  the  primary  to  vary  the  output  voltage 
level.  The  output  current  level  is  sensed  by  cur¬ 
rent  transformers  in  the  primary.  These  signals 
are  rectified  and  compared  to  a  dc  reference  to 
limit  the  power  supply  output  current.  As  the  out¬ 
put  voltage  nears  the  requested  level,  the  voltage 
feedback  loop  takes  over  and  stops  the  charging  of 
the  capacitor  bank  at  the  requested  voltage.  The 


•Lawrence  Livermore  National  Laboratory  is  operated  by  the  University  of  California  for  the  Department  of 
Energy  under  contract  No.  M-7405-Eng-48. 

This  work  is  performed  by  LLNL  for  the  Department  of  Defense  under  DARPA  (000)  ARPA  Order  No.  3717,  Amendment 
41  monitored  by  NSMC  under  contract  HI60921-81-LT-W0043,  and  DARPA  (OOD)  ARPA  Order  No.  4395  All. 

This  abstract  is  submitted  to  the  Fifteenth  Power  Modulator  Symposium,  June  14-16,  1982,  Baltimore,  Maryland. 
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loop  gain  of  both  feedback  loops  is  about  fifty, 
which  provides  more  than  adequate  regulation  for 
the  purpose.  The  only  unusual  feature  of  these 
power  supplies  is  the  inclusion  of  resistance  and 
reactance  in  the  primary  circuit.  This  Is  required 
to  limit  fault  currents  to  a  reasonable  level  when 
the  system  is  crowbarred.  The  rectifier  trans¬ 
formers  are  actually  power-distribution  pole 
transformers  purchased  for  another  application  but 
never  used.  The  impedance  of  these  units  is  about 
2*.  so  additional  impedance  had  to  be  added. 
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regulated  burst  mode  (1  kHz).  Droop  in  the  capa¬ 
citor  bank  voltage  ('•16*  for  ten  pulses)  during  a  ' 

burst  would  cause  a  decrease  in  the  switch  chassis 
voltage,  and  ultimately  the  accelerating  potential,  v# 
on  each  successive  pulse,  if  unregulated. 

Therefore  it  is  necessary  to  regulate  the  charge 
voltage  on  each  switch  chassis.  Regulation  is 
obtained  by  de-quelng  or  resistive  clipping.  The 
CRC  Unit  is  shown  in  Figure  5.  It  contains  six 
parallel  EEV  CX-1538  hydrogen  thyratron  tubes  for 
the  series  switch  (V1-V6)  and  four  parallel 
CX-1538R  tubes  for  the  de-quelng  switch  (V7-V10). 

Six  tubes  in  parallel  were  used  for  the  series 
switch  in  order  to  keep  the  RMS  current  through  the 
tubes  approximately  the  same  as  the  RMS  current  in 
the  switch  chassis  tubes.  The  series  resistors 
insure  current  sharing.  Four  tubes  were  used  In 
parallel  for  the  de-quelng  switch  for  the  same 
reason.  The  resistors  in  series  with  each  of  the 
de-quelng  tubes  were  chosen  to  limit  the  RMS 
current  through  the  tubes  and  yet  dissipate  as 
little  energy  as  possible,  since  the  de-que  current 
conmutates  back  to  the  capacitive  load. 
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Capacitor  Banks 

The  ATA  design  requirements  for  ten  pulses  at 
one  kilohertz  with  5  Hz  average,  dictated  that  the 
peak  power  of  a  few  hundred  megawatts  during  a 
burst  be  derived  from  capacitor  banks.  The  sche¬ 
matic  of  the  basic  capacitor  bank  is  shown  in 
Figure  4.  It  consists  of  forty  50  /zf,  18  kV  capa¬ 
citors.  Each  capacitor  has  an  energy  limiting  fuse 
and  a  12.5  ohm  resistor  in  series  with  it.  The 
resistor  limits  the  crowbar  current  to  a  reasonable 
value  (58,000  A).  The  fuses  are  required  to  pre¬ 
vent  rupture  of  a  capacitor  case  If  it  breaks  down 
inside.  Two  ground  switches  are  included  to 
discharge  the  bank  on  normal  shutdown.  The  soft- 
ground  switch  closes  first  and  the  stored  energy  is 
dissipated  In  144-660  watt  glow-coil  heaters. 

About  one  second  later,  the  hard-ground  switch 
closes.  The  delay  Is  provided  by  energy  stored  in 
a  capacitor  connected  in  parallel  with  the  sole¬ 
noid.  Since  several  banks  are  connected  to  a 
single  power  supply,  a  diode  Is  provided  on  the 
Input  of  each  bank  to  prevent  discharging  several 
banks  through  one  crowbar  or  grounding  switch. 


IMW  MHUIH  M  tilt 


Figure  4 

Co— land  Resonant  Charge  Unit 

Each  CRC  charges  10  switch  chassis  or  25  micro¬ 
farads.  The  mean  charge  time  is  approximately  500 
microseconds  with  a  peak  current  of  1500  maps  In  a 
single  pulse  mode  (5  pps)  and  1600  aaps  In  a 


If  the  de-queing  tubes  are  triggered  at  the 
correct  time,  the  voltage  to  which  each  switch 
chassis  is  charged  during  each  pulse  will  be  con¬ 
stant.  The  triggering  of  these  tubes  Is  controlled 
by  the  circuit  In  Figure  6.  The  circuit,  which 
consists  primarily  of  a  comparator  and  a  burst 
amplifier,  coopares  the  voltage  waveform  from  a 
fairly  low-impedance  divider  (50  kfi)  to  a  0  -  10 
VDC  reference.  A  trigger  pulse  is  generated  when 
these  two  voltages  are  equal.  There  is  an  unavoid¬ 
able  delay  time,  r^,  from  the  time  the  correct 
voltage  is  sensed  to  the  time  V7-V10  begin  conduc¬ 
tion.  Because  of  the  inherent  tq,  which  Is 
typically  a  couple  of  microseconds,  the  best  regu¬ 
lation  that  could  possibly  be  obtained  Is  several 
tenths  of  a  percent  depending  on  the  capacitor  bank 
droop  and  rn.  Figure  7A  shows  the  exaggerated 
effect  of  firing  time  delay.  In  order  to  compen¬ 
sate  for  this  time  delay.  It  is  necessary  for  the 
voltage  from  the  voltage  divider  to  be  slightly 
ahead  in  time  with  reference  to  the  actual  switch 
chassis  voltage  so  that  at  a  time  rD  after  the 
voltage  divider  signal  reaches  Vrjf.  the  actual 
switch  chassis  voltage  is  equal  to  Vocr  as  shown 
in  Figure  7B.  On  ATA,  this  is  accomplished  very 
simply  by  placing  the  voltage  divider  on  the  CRC  - 

side  of  the  current  limiting  resistors  In  series  /I 
with  each  switch  chassis  as  shown  In  Figure  6;  this  *  j 
output  phase  lag  corresponds  to  shifting  ahead  the 
comparator  signal.  Since  this  phase  difference  Is 
considerably  larger  than  that  which  is  required  to 
offset  r0,  the  signal  from  the  voltage  divider 
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oust  also  be  phase  shifted  later  In  time.  This  is 
accomplished  with  R '•  end  C].  Using  R1  as  fine- 
tuning,  voltage  regulation  of  +  .025%  has  been 
obtained  in  burst  operation  (See  Figure  8). 

The  ignitron  in  Figure  5  is  used  to  dump  any 
energy  stored  in  the  CRC  in  the  event  of  a  fault. 
The  trigger  signal  originates  from  a  CMOS  logic 
circuit  designed  to  detect  any  abnormal  current  or 
voltage  waveforms.  If  an  abnormal  waveform  is 
detected,  a  trigger  pulse  is  sent  to  the  ignitron 
in  the  C SC  as  well  as  the  one  in  the  capacitor 
banks.  The  CRC  ignitron  prevents  excessive  cur¬ 
rent  in  the  series  tubes  in  the  event  of  a  short  on 

the  output  of  the  CRC,  such  as  the  prefire  of  a 
switch  chassis. 
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Figure  6 
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Figure  7A 
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Figure  78 
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Figure  8.  Regulated  CRC  Output 


Switch  Chassis 

Each  Thyratron  Switch  Chassis  contains  6  EEV 
CX-1S38  hydrogen  thyratron  tubes  which  are  used  to 
switch  the  energy  stored  in  the  2.5  microfarad,  25 
kV  capacitor  into  the  primary  of  the  resonant 
transformer.  The  CX-1538  thyratrons  were  developed 
by  English  Electric  Valve  Company  to  meet  UNL 
specifications  in  a  competitive  development  pro¬ 
gram.  They  were  specifically  developed  for  use  in 
the  ATA  switch  chassis.  The  switch  chassis  will 
run  at  1  kHz,  10  kA  peak  (2.5  kA/tube)  at  25  kV.  A 
schematic  of  the  switch  chassis  is  shown  in 
Figure  9. 
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Figure  9 

The  switch  chassis  contains  a  bi-directional 
switch  with  4  parallel  tubes  (Vl-V*)  conducting 
current  during  the  first  half  cycle  (forward 
direction)  of  the  Blimtlein  charge  cycle  and  2 
parallel  tubes  (V5,  V6)  conducting  current  during 
the  second  half  cycle  (reverse  direction).  Tubes 
V5  and  V6  are  automatically  triggered  using  a 
small,  saturating,  iron-core  pulse  transformer 
(Tl),  which  uses  the  output  cable  as  a  primary  and 
has  an  air  gap  so  the  generated  pulse  occurs  just 
prior  to  the  zero  crossing  as  shown  in  Figure  10. 
The  same  basic  pulse  transformer  (T2)  is  used  in 
series  with  the  thyratron  grid  trigger  for  the 
'forward1  tubes  in  order  to  trigger  all  four  tubes 
in  the  event  that  one  of  the  thyratrons  prefires 
(see  Figure  10).  The  negative  pulses  are  diode 
clipped  so  that  the  thyratron  grids  only  see  a 
positive  pulse. 
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Figure  10 


Resonant  Transformer 


The  12  ft,  14  nf  BluMleins  are  charged  by  using 
a  10:1  step-up,  air-core,  dual-resonant  trans¬ 
former.  A  resonant  transformer  is  a  very  efficient 
way  of  charging  a  capacitive  load  such  as  a 
Blumleln.  An  optimum  mode  of  charging  with  a 
resonant  transformer  is  with  the  coefficient  of 
coupling,  k  »  .5,  and  with  the  primary  and  second¬ 
ary  tuned  to  the  same  frequency.  With  this 
configuration,  the  primary  voltage  and  current  and 
the  secondary  current  are  equal  to  zero  at  the  sane 
time  the  secondary  voltage  is  at  Its  peak  (see 
Figure  11).  Theoretically  this  1$  a  condition  for 
IOC*  energy  transfer  although  In  practice,  because 
of  transformer  and  switch  losses,  the  efficiency 
drops  to  less  than  90*. 2  An  additional  benefit 
of  this  charging  mode  Is  that  spark  gap  recovery 
time  Is  enhanced  as  there  Is  no  energy  remaining  In 
the  transformer  to  maintain  the  arc.T 


Figure  11,  Resonant  Transformer  Waveforms 

This  mode  of  operation  requires  a  bi-directional 
switch  In  each  Thyratron  Switch  Chassis  because  the 
primary  current  In  the  resonant  transformer 
reverses  polarity  before  the  secondary  voltage 
reaches  Its  peak  as  seen  In  Figure  11.  This  Is  the 
reason  that  each  switch  chassis  has  'forward'  con¬ 
ducting  tubes  and  'reverse'  conducting  tubes. 

Control  System 

A  multiprocessor  control  and  monitor  system  Is 
used  to  facilitate  the  control  and  monitor  re¬ 
quirements  of  the  Power  Conditioning  System  as  well 
as  all  other  ATA  systems.  The  control  and  monitor 
systems  consists  of  dual  DEC  VAX  11/750  mini¬ 
computers,  five  DEC  LSI  11/23  microprocessors,  four 
Modlcon  584  programmable  controller  systems  (PCs), 
and  a  CAHAC  data  acquisition  system  (see  Figure 
12).  The  computers  and  programmable  controllers 
are  organized  as  a  dual  hlerarchlal  network.  The 


function  of  the  mlnlcoaputer  Is  to  act  as  the  oper¬ 
ator  Interface,  make  high-level  decisions,  and  do 
data  archival  and  retrieval.  The  microprocessors 
are  the  Interface  between  the  minicomputer  and  the 
PCs.  The  PCs,  with  Its  remote  I/O  structure,  are 
the  interface  between  the  equipment  and  the  com¬ 
puter  system.  The  PCs  are  used  to  collect  data, 
effect  control  coaaaands,  and  make  low-level  de¬ 
cisions.  The  operator  Interface  to  the  control 
system  Is  through  a  color  graphics  system  for  In¬ 
formation  display,  transparent  touch  panels, 
digital  knobs  and  a  few  switches  for  cowand  Inputs. 
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Figure  12 


The  programnable  controllers  are  programned  In 
a  symbolic  language  known  as  ladder  logic,  the 
microprocessors  and  minicomputers  use  mostly 
Pascal,  with  some  assembly  language.  Standard  ven¬ 
dor  operating  systems  and  network  conmjnlcatlons 
packages  are  being  used.  A  data  driven  software 
architecture  provides  the  flexibility  and  expand¬ 
ability  necessary  for  this  experimental  system. 
Utilization  of  graphically  defined  controls  and 
displays  allow  the  operator  complete  freedom  to  In¬ 
teract  with  the  machine  In  a  convenient  fashion. 


Present  Status  of  ATA 

ATA  Is  scheduled  for  completion  In  October  of 
1982.  Testing  and  check-out  of  the  power  con¬ 
ditioning  systems  has  already  begun  and  will  con¬ 
tinue  to  October.  An  upgrade  of  ATA  to  a  burst 
rate  of  10  kHz  Is  already  under  study.  Photographs 
of  the  power  conditioning  equipment  for  ATA  are 
shown  In  Figures  13-15. 
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SOLVING  THE  LOW-FIRST-PULSE  PROBLEM 
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SUMMARY: 


THE  BOOST  CIRCUIT: 


A  simplified  voltage-doubler  circuit  Is  de¬ 
scribed  capable  of  charging  a  PFN  to  Its  full 
voltage  prior  to  the  first  pulse  to  avoid  the 
low-first-pulse  problem.  Design  considerations, 
equations  for  choosing  component  values,  and  a 
sample  calculation  are  given. 


INTRODUCTION: 

Typical  resonantly-charged  line-type  modula¬ 
tors  operate  with  the  fast  energy  store,  usually 
a  lumped-element  PFN,  charged  to  approximately 
twice  the  power  supply/f liter  capacitor  voltage 
level.  However,  as  the  system  Is  turned  on  and 
the  filter  capacitor  Is  charged  slowly  from  the 
main  power  supply  ,  there  Is  no  resonance  and  the 
PFN  charges  slowly  througl  the  charging  diode  to 
the  same  voltage  as  the  .sower  supply/f  liter  ca¬ 
pacitor  voltage.  This  factor  of  two  can  create 
problems  for  the  load,  such  as  the  transmission 
foil  on  an  e-beam  pumped  laser  wherein  the  foil 
absorption  Increases  for  lower  electron  energies, 
or  for  the  discharge  switch  which  often  has  less 
than  a  two-to-one  operating  range  between  no-fire 
and  pre-fire.  This  switch  range  problem  is  espe¬ 
cially  bothersome  on  a  modulator  used  for  switch 
development,  where  switch  performance  may  be  par¬ 
ticularly  Intractable.  For  nonlinear  loads  whose 
Impedance  varies  with  voltage,  the  load  match 
presented  to  the  PFN  varies  with  PFN  voltage.  It 
may,  then,  take  many  pulses  before  operation 
settles  down  to  Its  steady-state  condition. 

While  other  techniques  have  been  used  pre¬ 
viously  to  solve  this  problem,  such  as 
manually-controlled  separate  power  supplies  con¬ 
nected  on  the  PFN  side  of  the  charging  diode,  or 
a  high  voltage  contactor  closed  manually  after 
the  filter  capacitor  has  been  fully  charged.  It 
Is  felt  that  the  circuit  presented  here,  which 
requires  neither  attention  nor  moving  parts, 
offers  the  simplest,  cheapest,  and  most  reliable 
solution.  One  of  the  most  attractive  features  Is 
that  the  boost  circuit’s  output  automatically 
tracks  with  the  mein  power  supply. 


Starting  from  the  widely  used  three-phase 
full-wave  rectifier  circuit  shown  In  Figure  1(a), 
any  power  supply  drawing  Its  power  from  one  or 
more  phases  of  the  plate  transformer,  or  from  sep¬ 
arate  windings  on  the  transforawr  core,  and 
totally  Isolated  by  diodes  In  the  output  and 
return  lines,  as  shown  In  Figure  1(b)  would  pro¬ 
vide  the  necessary  voltage  and  self-tracking 
features.  The  logical  choices  for  the  boost 
circuit  power  supply  are  the  transformerless  vol¬ 
tage  doublers,  the  half-wave  and  full-wave,  shown 
In  Figures  2  and  3  respectively.  The  half-wave 
can  be  simplified  still  further  by  recognizing  In 
Figure  2(a)  that  the  Isolating  diode  01  is  in 
series  with  the  doubler  diode  D2  and  can  be  eli¬ 
minated,  and  Isolating  diode  03  Is  In  parallel 
with  the  rectifier  diode  D4  and  the  line  contain¬ 
ing  03  can  be  eliminated.  In  Figure  3(a),  the 
return  Isolating  diode  01  may  be  unnecessary  If 
the  Impedances  through  the  doubler  circuit  are 
high.  In  which  case  doubler  diode  D2  Is  in  paral¬ 
lel  with  rectifier  diode  05  and  can  be  eliminated. 
In  any  event,  the  circuit  In  Figure  3  has  two  ca¬ 
pacitors,  which  are  the  largest  and  most  expensive 
components  used.  The  simplified  half-wave  circuit 
In  Figure  2(b)  Is  the  one  studied  and  described 
here. 


CIRCUIT  REQUIREMENTS: 

For  optimum  results,  the  boost  circuit  should 
charge  the  capacitance  of  the  PFN  In  a  few  seconds 
prior  to  the  first  pulse,  have  no  effect  on  the 
modulator  after  the  first  pulse,  and  be  self- 
protecting  from  all  forseeablc  fault  modes.  By 
properly  choosing  component  values,  the  half-wave 
doubler  circuit  can  do  all  of  this.  By  adjusting 
the  voltage  to  which  the  boost  circuit  charges  the 
PFN  to  be  slightly  less  than  the  resonant  recharge 
voltage,  the  boost  circuit  output  diode  will  be 
reverse  biased  at  all  times  except  prior  to  the 
first  pulse  and  during  the  recharge  Interval.  It 
will  therefore  spend  most  of  Its  time 
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open-circuited  and  be  Invisible  to  the  rest  of 
the  Modulator  circuit.  If  the  boost  circuit  un¬ 
loaded  voltage  were  higher  than  the  resonant 
recharge  voltage,  there  would  be  a  voltage 
‘creep*  and  the  PFN  voltage  would  depend  undesir¬ 
ably  on  the  Interpulse  period. 

The  low  Impedance  Min  power  supply  will 
charge  the  PFN  through  the  charging  diode  to  the 
filter  capacitor  voltage  as  the  power  supply  Is 
raised.  The  boost  circuit,  with  a  high  Thevenln- 
equlvalent  Impedance,  R  ,  will  act  as  a  topper 
with  a  R„C„,„  time  constant  on  the  order  of  one 
second.  *  pfn 

The  discharge  transients  of  the  PFN  are  kept 
off  the  boost  circuit  by  connecting  it  to  the 
filter  capacitor  side  of  the  charging  Inductance. 


CIRCUIT  OESIGN  AND  COMPONENT  CONSIDERATIONS: 


8y  analyzing  the  boost  circuit  In  the  Unit¬ 
ing  cases  of  PFN  voltage  higher  than  the  boost 
circuit  voltage  (open-circuit  case)  and  PFN  shor¬ 
ted,  component  values  can  be  determined  which 
will  survive  the  worst-case  conditions.  All  cal¬ 
culations  will  be  referenced  to  V  .,  the  peak 
value  of  the  AC  voltage  across  onep!lde  of  the 
delta-connected  transformer. 


'pk 


2  V 


rms 


1/2  V 


peak-to-peak 


*avg  *  *pk  ^  2  2 

If  R1b  ■  R  t,  the  currents  My  be  calculated 
separately;  Rr‘  only  affects  the  peak  and  average 
current  througn  D.  and  R_,lf  only  through 
In  practice,  X  k,  and  tnr choice  of  C  controls 
i  c  c 

‘pk* 


Figure  4  (d)  shows  the  equivalent  circuit  for 
the  case  where  the  load  shorts  and  the  AC  to  the 
power  supply  Is  turned  off  quickly  while  the  cou¬ 
pling  capacitor  Is  fully  charged,  as  in  the  case 
of  a  kick-out  resulting  from  a  load  fault.  For 
the  worst  case  of  the  transformer  coil  looking 
like  a  short,  the  surge  current  through  0  Is 


Vpk  /  Rout 


surge 

and  a  reasonable  value  to  use  for  tolerable  surge 
current  1$  25  times  the  average  current  rating  of 
the  diodes  chosen.  This  criterion  will  normally 
drive  the  choice  of  Rflut.  The  transformer  coil, 
shown  here  as  a  short,  T5  still  Inductive  and  the 
surge  current  will  ring  back  through  D.  limited 
by  R1n. 


The  value  of  C  Is  chosen  to  give  the  voltage 
gain  desired,  which  In  turn  Is  controlled  by  the 
ratio  of  filter  capacitance,  Cf,  and  the  PFN  capa¬ 
citance,  Cp.  To  a  first  approximation 

Vp  /  Vf  -  2/  l  Cp  /  Cf 


If  the  transformer  Is  wye-connected,  then 

V  a  3  I  ?  V 

pk  4  rms, phase-to- neutral 

V  .  will  be  approximately  half  the  peak  charging 
voltage  on  the  PFN. 


Figure  4(a)  shows  the  boost  circuit  with  its 
load,  C  being  the  capacitance  of  the  PFN,  R  the 
total  leakage  resistance  across  the  PFN,  ami  0. 
Is  the  diode  In  the  rectifier  bank,  0,  In  Figure 
2(a)  .  through  irfilch  the  boost  circuit  finds  Its 
return  path.  In  the  open-circuit  case.  Figure 
4(b),  the  boost  circuit  looks  like  an  unloaded 
half-wave  rectifier  in  which  the  coupling  capaci¬ 
tor,  C  ,  charges  to  V  fc,  the  peak  Inverse  voltage 
on  D,  goes  to  2  Vok>  and  the  current  flow  and 
dissipation  in  the  rejflstor  R  ,  are  essentially 
zero.  In  this  condition,  thenpeak  Inverse  vol¬ 
tage  across  0  t  Is  V  k.  However,  If  the  AC  Is 
removed  from  nine  boost  circuit,  the  voltage  on 
°out  briefly  goes  about  20*  higher.  Figure  4(c) 
snows  the  short-circuit  condition  with  AC  power 
on,  which  would  apply  to  a  turn-on  with  a  short¬ 
ing  stick  accidently  left  In  place.  The  peak 
current  through  either  diode  Is: 

V  ‘  V  '  xc  «2 

where  X  ■  l  /  2  f  C  ,  the  AC  reactance  of  the 

coupling  capacitor 


and  R  the  value  of  either  R.  or  R  t 
age  current  through  each  diode  Is  0Ul 


The  aver- 


although  losses  in  the  charging  inductance  and 
charging  diode  reduce  the  voltage  gain.  It  should 
be  remembered  that  a  stiff  transformer-rectifier 
combination,  particularly  In  conjunction  with  a 
long  resonant  time,  partially  recharge  the  filter 
capacitor  during  the  resonant  time  and  give  the 
effect  of  a  much  larger  Cf.  Inverse  voltage  left 
on  the  PFN  will  Increasfe  the  voltage  gain,  but  a 
well-matched  load  or  an  Inverse  clipper  circuit 
will  minimize  this  effect.  A  gain  of  1.8  is  gen¬ 
erally  Indicative  of  a  good  resonant  charging 
circuit.  The  voltage  to  which  the  transformer- 
rectifier  charges  the  filter  capacitor  varies  with 
the  loading  on  the  power  supply  from  V  .  at  light 
loading  to  .95  V  .  at  heavy  loading.  pKCombin1r^ 
these  effects,  the  voltage  on  the  PFN  can  be  ex¬ 
pected  to  be  approxlMtely  1.75  V  fc. 


The  leakage  resistance  across  the  PFN,  R  In 
Figure  4(a),  has  .a  large  effect  on  choice  or  C  . 
Previous  analyses  1  have  assumed  equal  values  for 
the  coupling  and  load  capacitors,  which  leads  to 
the  erroneous  conclusion  that  the  RC  product  of 
the  load  controls  the  voltage  gain  of  a  doubler. 
The  charge  coupled  Into  the  circuit  through  c  and 
bled  out  through  R  ,  the  R./X.  ratio,  controls  the 
circuit  response.  p Changing  the  load  capacitance 
over  three  orders  of  Mgnltude  had  less  than  IX 
effect  on  voltage  gain.  The  total  leakage  paths 
across  the  PFN  load-the  Internal  teakege  of  capa¬ 
citors,  the  voltage  diagnostics,  the  diode 
end-of-11n«  clipper  circuit,  and  the  balancing  re¬ 
sistors  for  a  multigap  thyratron,  are  in  the  order 
of  1  Megohm. 
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The  voltage  gain  through  the  circuit  depends 
on  the  leakage  across  the  PFN,  R  ,  the  resistance 
In  series  with  the  diodes,  R._  R^  •  Rd,  and 
the  coupling  capacitor  C  .  Prom  nr.  1,  the  al¬ 
low  able  Rj  for  a  given  ’voltage  gain,  R  ,  and 
large  valw  of  Cc,  can  be  found  to  be  v 


K 

1  -  (K  /  2  )2 

(  K  /  2  ) 


-  OC  /  4  ) 


-  2 


where  K  *  V„  / 

p  pk 

For  the  assuued  1.75  voltage  gain,  this  allows 
RVR  *  .76*.  but  only  for  large  C  .  Since  the 
capacitor  is  the  largest  and  nost  expensive  com¬ 
ponent  used,  reducing  Rd  to  allow  a  smaller  C  Is 
advantageous. 

For  charging-time  considerations,  an  equiva¬ 
lent  voltage  source  Impedance,  R  ,  can  be  used 
with  the  capacitance  of  the  load,  to  give  an 
R  C  charging  time  constant.  For  the  circuits 
investigated,  the  value  of  R„  was  approximately 
ix  eq 


SAMPLE  OESIGN 


A  boost  circuit  was  designed  and  fabricated 
for  the  following  conditions: 

PFN  charging  voltage,  Vp  •  40  kV 

PFN  capacitance,  Cp  •  g.Q  uF 

PFN  leakage,  Rp  *  .67  Megohm 

Filter  capacitor,  Cf  ■  47  uF 

The  expected  resonant  voltage  gain  was 


/  «7 


2  Cf  /  (  Cf 


V 


(2  x  47) 


Rd  -  26.3  kV  /  18.8  A  -  1.4  k 

The  ratio  of  R^/R.  was  1.4  k  /.67  M  •  .21*  . 
The  limiting  ratio  for  a  gain  of  1.52  is 

R„  *  *  1-52  /  1  -  ( .76)*  -  ,38(  -  2 

s?n  .76)  -  42.3 

or  RVRb  »  2.4*  for  the  large  C  case.  There  is 
obviously  room  for  increasing  R.  for  diode  safety 
or  reducing  C.  for  a  size  and  c&t  saving.  From 
Figure  5,  foP  .25*  Rrf/Rp  and  Vp/Vpk  ■  1.52,  Rp/X£ 

X,  •  R„  /  16  ■  .67  M  /  16  •  41.9  k  -1/2 
60  Cc  "and 

C£  •  1  /  41.9  x  10  3  x  377  •  .063  uF 

Checking  the  shorted  load,  AC-on  fault  mode,  the 
Impedance  is  dominated  by  X  ,  and  I 
26.3  kV  /  41.9  k  »  .63  amp  tilth  the 
rent  per  diode 

WW2  2  '-63  /  2  2  -  .22  «P 

which  Is  well  within  the  .75  amp  rating.  The  I2R 
dissipation  In  the  Rd  resistors  is  68  watts,  as¬ 
suming  a  shutdown  In  ten  cycles  the  energy  Into 
each  RH  Is  11  Joules,  and  the  peak  voltage  across 
each  R?  Is  .63  x  1400  »  880  volts.  A  string  of  a 
few  2 "watt  carbon  resistors  Is  more  than  adequate 
for  the  voltage  and  energy  considerations. 

The  minimus  component  values  for  the  above 
circuit  are 


PlveraBfe  cfir-“ 


Cc:  .063  uF  ,  26.3  kV 
■  1-4  k 


jAQi 


es 


out 


880  volts  peak,  11 


Di  :  220  aa  average  current 
18,8  «mp  surge  current 
52.6  kV  PIV 


The  measured  gain  was  1.57,  for  a  drop  of  6.5*  In 
the  charging  inductor  and  diode.  The  required 
filter  voltage  for  40  kv  on  the  PFN  was 


ut:  220  ma  average  current 
.8  amp  surge  current 


Vf  ■  40  kV  /  1.57  «  25.5  kV 

The  transformer  rectifier  produced  a  filter  vol¬ 
tage  of  0.97  Vpk,  requiring  a  peak  AC  voltage  of 

Vpk  "  vf  t  *97  "  25.5  kV  >  *97  “  26.3  kV 

and  the  desired  voltage  gain  from  the  boast 
circuit  was  ifp/V^  -  40  kV/26.3  k¥  •  1.52. 

The  price  of  high  voltage  diode  stacks  Is 
nearly  constant  up  to  750  ma  average  current  and 
rises  rapidly  above  that,  making  the  750  ma  diode 
a  logical  choice  for  the  circuit.  The  surge 
rating,  at  26  times  the  average  rating,  Is  18.8 
amps.  From  the  considerations  discussed  in 
Figure  4(d),  with  C  charged  to  •  26.3  kV 


Choosing  C  •  .1  uF  for  convenience,  for  X  » 
26.5  k  and  R„/Xr  -  25.3  allows  increasing  rJr„ 
to  1.75*,  from  F1g6re  5,  r  p 

Rd  -  .0175  x  670  k  •  11.7  k 

IJUPge  "  26.3  kV/  11.7  k  -  2.2  amps 

IB|(  -  26.3  kV  /  (11.7k)2  (26.5)2  ■  26.3  / 

29?0  •  .91  amp 

Ijvg  -  -91  /  2  2  •  .32  m 

for  even  greater  diode  safety. 

When  varying  R,„  and/or  R  t  to  adjust  V-/V_. 
to  be  slightly  less  than  tRe1  resonant  voTtafle 
gain,  experimentation  has  shown  that  for  small  C,, 

where  X  c 


c 


poo  sfftT/renna/riiTtt 
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Fig.  2(a)  Half-uava  >.?taga  doubler 
(b)  SlqtHfled  talf-uove  doubler 
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Fig  3(a)  Fuil-weve  voltege  doubler 
(b)  Simplified  full-eeve  doubler 


Fig,  5  Boost  Circuit  Sein 
(edited  froe  Seta*,  Hof.  2) 
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